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[0001] The invention relates to pharmacout ::al 
AddftionaDy. the invention rgiates to methods 
pr prevonimg the lormation thereo f. 
[0002] The brBins erf Alzhetmcr patients cohtain 
langios. These structures have been dl peak 
review see Goederz et al. Current Opinion 
tangles are the paired hafical filaments ^PHFs). 
associated protein tau which is normally " 
enriched in the axons. 

jDheieere six isoforms o1 tau in hunjan 
Tsofonns alsD^Sirifr^^HFs {Goedert b\ aL. 
ipnriaTand Alzl^eimeF PHHau p7baein"knowii 



compositions tor the tr^atfTfaw^QCDrevsntion of AlzheimBr's disease. 
! 3r testing drugs effectively dissolving^lzheimer paired helical filaments 



two characteristic typesoTprotein deposils. the plaques and the 

mportanco in Alzheimer research during the last few years (tor a recent 
lslsurol)iology 1 (1991). 441 to 447). A prominent component o« the 
seems now clear thai the PHFs are largely made up o1 the microlubuie- 
to the neuronal microtubule network and. furthermore, parlicutarty 



f attai hed 




brab that arise fnsn Bllemativo splicing of a single gene. All these 
Neuron 3 (19B9), 519-526). The main biochemical differences between 
30 far may be Burnmariaed as fonows: 



(2)TMP-tau>prDlBjH^reacl6 with certain ar^libodies 
phosphorylation status (Grundke-lqbal el 
Natl. Acad. Sd USA 84 (1987), 3415-34^9); 



(3) PHF tau prolan has a lovi^er electroph jreti 
related to its phosphorylation pattern (Ste 



[&) PHF tau protein forms paired helical 
VtfischiK EMBO J. 4 (19B5). 3861^3865), 



[0004] Tau protein purified from brain -has 
sedimentation constant of 2.55, pointing to 



30 



terminal half contains 3 or 4 internal repeats 
(hence 'assen^bly domain*). This domain can 
9 (1990), 3539-3544). a point thai may be si 
e.g. Grundke-lqjbal et al. ibid ). Moreover, tbg 



(see. e,g. Goecfert etaL. ibid; Jakes et al. EM30 J. 1 0(1 991). 2725-2729) 



[00O51 It has been hypothesized that PHF 
proteins since a similar effect has been found 



40 



4S 



^ In a phosphorylaiion dependent manner^auggosting a special 

Proc NatL Acad. Sci. USA 83 (1 986), 4913-491 7. Nukina el al.. Proa 



ic mobibiy in SDS gels. suggoGting a higher W|, v^ue which may be 
ner et al.. EMBO J. 9 (1 990). 3539-3544); / 



ilaments with a characteristic 7B nm crossovec. repeal (Crowlher and 



ery Jiltle sBCondary structurelasludgsd by CD spectroscopy), and a 
highly a^ymmotric shape (CIcvelarid el al., J. Mol. Bid. 1151 (1977), 



SS?) in aya^nBrtwilh electron micros pic date (HiroKawa elal.. J. Cell. Biol. 107 (198S). m9-l4S9). The C- 



vhich are involved in microlubule binding and promoting their assembly 
n tje phosphorylaied by several protsm kinases (Sieiner et ai., EMBO J. 
igiiifjcant in view of the abnormal phosphorylatbn of Alzheimer tau (see. 
gpeat region also liQs in the core o1 AJzheimer paired helical filaments 



If u protein has a lower affinity tor microtubules compared to normal tau 
when normal teu is phosphorylaied vivo by some kinases (Lindwafl 



S5 



wiJ^^nal neLn^ processes, such as rapW a, =nal transport T^e abnormally pho^^ 
TstreSte ^to PHFS. AS a c;,-.equBnc« theri =rt me neuron 

eraiion of the Alzheimer's disease, , ^ . , . 

roooei uptonw. it was not known which prcein kinases ar. rosponsiblolorthe abnofmal phosphorylat.on. sh.guro 
et al (Neu«>science Letters 128. (1991). 195-198) tiave isolated a kinase Ifactton bovne brain extracts wh^h 
Itin a protein .dr^ase racgn^ing the serine .hreonlneAproline a^. This ^ P^Wiorj^te^ [^^TlL e ^ 
Tnr 147 Ser 177 and Ser 315 of the tau protein. These residues dillered from the ones reported by others (Lee et al.. 
Science' 251 (1991 ), 675-678). Ttierelore. it rernains unclear Which protein kinase end which target amino acid resdue 
fBlareinvolved inthegenerationol Alzheimer 5 disease, it at all 

S)^ TrrtherLe no reliable data on the (^ta structure ot Alzheimer paired helical filaments, nor on the the mode 
LTTulationoMheirf^matioolromtauprotein; is available 6o1ar.Fo 
bLrghlyadvantflgeoysXtt^^ 

^SSSSproblornunderV^,Jp;^;antinventk.was,oprovKfephar^^ 
tSatrnertorprevention of A.zheimer-6 disease comprising inhibttors to saw 

oHeciive in dissoMnoAlzheimef PHFs or preventing the tormaton thereof. ...... ,u„ 

?«S tV^U^ » the above technical p.obtem is achieved by providing the embod»T,ents characenzed m the 

iS^ The term -phosphorylaied state in tai > protem from Alzheimer paired helteal filaments- .elers to a state ol 
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the tau protein where lau shows en upwaid M, 
ser or thrloltowed by pro, or certain serines in 
Note: Amino acids are denoted by the one-let 
Worth Pubfishefs. New York. 1 975. page 72. 
[0011] There may be one or more eprtopes 
Alzheimer paired helical filaments. These 
displaying phosphofylaling activity. 
[001 2] The term 'anli-MAP kinaso antibody' 
proiein Idnase (MAP kinose). This kinase 
referred to in the ^rt by different names, e.g. 
and Cell Biolofiy 10 (1991). 505-514) kinase, 
Meth. Enzym, 200 [^ 99i ), i -37). MAP kinase I 
enzymes from a variaiy of sources (HuntBr. ibiijl 
[001 3] In one aspect, the present inveniion 
vention of Alzheimer's disease compnsing an 
prolem dimers. 

■*[0014] In accordance with the present 
of their repeal units located in the C-lerminal 
be a physiological process, the forrnalion of 
the assembly process. Consequently. PHFs 
may Occur v'a mteffDolecular disulfide bridging 
— ^[001 5] Deregulation of the assembly process 
to abnonnal phosphorylation of tau proteins 
iruncaled tau protolris consist rig merely of thi 
proteins comprising the N-terminus and C- 



shift, has a reduced binding to microtubules and is phosphorylated ffl 
the repeat region (see below). 

er or three-letter code; see e.g. Lehninger, Biochemistry, 2nd edition. 
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[001 q An mhibilor useful in the composition 
the formation ot PHFs from tau dimers 
bo Jofffflceo^e. anjnhjbit^^ 
fnteriering with the formation of intermolecular 
[001 7] A further object of the present invenli<h 
BTier paired helical fiiamenis comprising the 



(a) allowing the fontiaiion ot Alzheimer 
es under appropriate conditions: 

(b) incubating the Alzheimer paired 

(c) examining the result o1 the Incubation 
hsHcai filaments. 



the tau protein which specifically occur in a phosphorylated siaie in 
may moreover, be phosphorylated by a single or dfferent enzymes 



epito jes 



eJers to an antibody which spacifically recognizes a mitogen aclivaied 
proHably belongs to a family of closeV related enzymes which have been 
W AP2 (microiubule-associaied proiein 2. see e.g. de Miguel et al.. DNA 
wlBP (myelin basic proiein) kinase or ERK1 (tor a review, see Hunter, 
similar wrth respect to Its bkschemical properties to fundtonaDy similar 

)- 

f jtales to a pharmaceutical composition tor use in the ireatmsnt or pre- 
pihibilor of the larmation of Alzheimer paired helcat filaments from tau 

invent tan. it was found thai tau prote^s lo^^^i^Fa^^^^r^ via assembly 
domain of the protein. Whereas drnierizetton of tau proteins appears to 
ler order siruciures such as PHFs seems to be dua to deregulation in 
ar Jf ormed f rom a number of lau dimers wherein the cross-linking of dimers 



with subsequent formation of PHFs f nam tau dimers appears to be due 
b jcause, as has been found m accordance with the present invention, 
repeal units are able to fomi PHFs. whereas tau proteins or tau^ke 
tern) inus as wen are unable to do so. . 

of the pressni invention is iheretore axy inhibiloj^capable of inhibiting 
of the molecular mechanism it interteresjadthr-Buch an inhibitor may 
EiBiBiakjsia^ ^3normalj|hgs^ho>yM'^^ ^ compound 

crosslinks or association of tau dimers. 
is to provide a method for testing drugs effectVe in dtesolving Alzhe- 
folowing steps: 



pair 3d helical filaments from polypeptides comprising lau-derived sequenc- 



helical fiiamenis with the drug to be tested; and 

:>! step (b) wilh respect to the diseolutron of the Alzheimer-tike paired 



,£ imor paired holcai filaments" as used herein is intended to also include 

paniaifv aissoiveu rnr*,. n^. u.. .J )reGent invenUon it is sufficient that the dmg to be tested is effective in 

the reduction of the size or the breakup of Ph Fs. thus luifiBing a supplementary function in therapy, although a lota! 
dissolution by the drug is prefen-ed. - -:^>;~t:.^ ^. ^ 

f0019] The term ^polypeptides comprisingl? u derived scquences^fers to any polypeptide which compnses se- 
quences from lau protein capable of forrningPH Psmgardless.ol theTe^^ 

insortions or heterologous sequences as long is the function of said polypeptides to form PHFs remains intact. 
roOZOl The temt -appropriate conditions" in c ^nnection with the fonnalton of Alzheimer PHFs refers to any condition 
which allows said formation . Said conditions m include thR availability of a MAP kinase if natural lau protein is usod^ 
[0021] in a preferred embodiment, the condiftons applied in step (a) ol said method compose an environment of 0.3 
too 5 f/Tris-HCI and pH 5.0 to 5,5 without additional salts. . , , 

- i i to provide a method for testing dnjgs effective m the prevention or 



so [0022] Stif! another object of the invention iv. ~ , - 

reduction of the formation ot Alzheimer paired lellcal niaments comprising the following steps: 
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(a) incubating the drug to be tested with 
altow the lomialion of Alzheimer paired 

(b) examining the result of the mcubalion 
helical filaments in the incubatten mixture 



[0023] The term 'conditions which allow the 



pjlypeplides compriGing lau-derived sequences under conditions which 
hBlrcal filaments in the absence ol said drug; and 
i\ step (a) wfth respect to the presence or absence of Alzheimer paired 



formation of Alzheimer paired helical filaments in the absence of saW 
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drug" refers lo any condition whfch allows tHa 
mixture. A preferred exampto of such a conation 
additfonaJ salts. 

[0024] The lerm ^prssonce or absence d( 
results wherein only a iffnhad arnount of PHfs 
drug has been used, 

[0025] In a preferred embodrmenl m the 
the C-terminal part oJ the tau protein only. 
[0026] In accordance wth the present invdntion, 
of the lau protein are responsibia for dimeri Btion 
gomerizaticOT leadi ng to Alzheimer-IIke paired 
used terS-arSp^^fed to 'Alzheimer paired 
prolfein noqrjally prosarj) in PHFs are absent 
[0027] Accctt'Qlnyiyrlne polypeptides comp 
study PHF formation and studies on the fine 
[002B] In a particularly preferred ombod'umj&nt, 
such as K11 and/or K12. 
[0029] K11 and K12 are idaafly suited tor 
repeal units from the tau protein only. 
For the method of the invention, KH and Kli 
[0030] Jn a further aspect, the present inver tion 
paired helical fifaments comprising the follow ing 



Alzheimer paired heUca! fnaments' as used herein is intended to tficlude 
has l^en formed as oomparod to control expermants where no such 

above methods, said polypeptides comprise ess^tiatly tfie repeats from 



(e) examining the effect Of said drug on 



formaiioo of PHFs provided said drug is not included in the incubation 
is an environment of 0.3 to 0.5 M TrIs-HCl and pH 5.0 lo 5.5 without 



, it was found that the repeats comprised in the C4erminal domain 
of the protein under physiological conditions and subsequent oti 
hc&cal filaments. The term 'Atzhetmer-like paired helical filaments' 
helical filament* solely lo indicate that non-repoat unit parts of the 
from PHFs generated by said polypeptides. 

ising essentially the repesi units only provide an ideal in vitro system to 
itruciure of PHFs. 

said pKslypeptides are comprising mainly the repeal regions of tau. 



oil- 



[he above testing purposes because they are ssseriilally compr^ed of 

may be used alone or in combination. 

relates to a method for testing drugs effective in dissolving Alzheimer 
steps: 



(a) introducing a functional gene encodiiig a MAP kinase under the control of suitable regulatory rsgionG into a 
cell expressing or overexpressing tau pre ►lein; 

(b) allowkig the lormalion of phosphoryfe ted tau protein and of Alzheimer paired helical filamenls: 

(c) isolating said Alzheimer paired helica filaments; 

(d) applying the drug to be tested to said paired helical filaments urider appropriate conditions; and 



■a'd paired helical fllantunts. 



[0031] The term 'cell expressing tau proiei 
tau or which have the capacity to express tat 
case the person skrlled in the an is aware of 



" as used in step (a), supra, reters lo cells which endogenously express 
and into which a functional tau gene has besn introduced. In the laiier 
he fact that the sequence of the introduction of the genes encoding the 
MAP'Kinase and tau is irrelevant for the purpose of the method of the invention. 
[0032] "me term "under appropriate craidill ons" in step (c). supra, refers to conditions which allow the drug to be 
effective in dissolving PHFs and are particula -ly optimal condHbns. 
[0033] Said method is particularly advantagi jous, since the system involved which is based on the use of continuously 
growing cell lines providing a close image of th 3 in vitro situation provide an ample supply of phosphorylated tau protein. 
[0034] In a preferred embodiment said cell expressing tau protein is a neuroblastoma or chromocytoma cell or a 
primary culture of nerve cells. 
Such ceDs or cell Ones are well known In the dn. Preferred examples are the neuroblastoma ceil lines N21 and PCi2. 
[0035] TTiese cell lines are particularly preferred because they express tau endogenously. 
[0036] The Figures show; 



<5 Fig. la: 
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Fig. lb; 



Aminoacid sequence of tau (isojomi htau4D. Goedert ei al., 1989). The motifs SR TP, ISS and CGS are 

highlighted. 



(a) 5DS gel of tau isoforms, (b) 



of (a) and PHF tau with the 
bovine brain, showing 
after dephosphorylaiion witl ; 
4 and 5: Tau from normal 
expressed human tau 
isoforms have either three 
htau23, 37. 39; four htau24 
29 residues (zero: htau23, 



immunoblots 



ATB antibody, (a) SDS gel. Lane 1, marker proteins. Lane 2: Tau from 
sevei^ isoforms in a mixed state of phosphorylation. Lane 3. bovine brain tau 
afkaline phosphatase. Note that all isoforms shift to a lower IVV. Lanes 
hijman brain, before and aHer dephosphorylaiion. Lanes 6-1 1: bactertally 
htau23, 24, 37. 34, 39. 40 (see Goedert et al., 19B9, ibid). These 
four internal repeats of 31 residues each in the C-terminal half (three: 
34, 40}. Near the N-tem>inus there can be zero, one, or two inserts of 
34: one: hiau37, 34; twa htau39, 40). 
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10 



20 



25 



Pig. A: 



35 



Rg. 5: 
Fig. S: 
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Rg- 7: 
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(b) ImmunobJots with the 
kD; all of them react slronc ly 
normaJ human tau isofo ms 



Phosphorylatbn of bactertally 
(b) imiTiunoblots with AT8. 



i£3cpres$Qc^ human tau isoforms with the kiriase from brain, (a) SDS gels. 



(s) Lanes 1 snd 2, SDS got 
in M,). Lanes 3-10 show 
(b) Immunoblas of (a) with 
lanes; incJuding htau37. 



net 



antibody. Lane 1. PHF tau, showing 4-6 isoforms in the range of 60-70 
with ATB. Lanes 2-11 . same prepaiafione as in (a); none of the bovine 
show any reaction. 



of htau23 botore and after extract phosphorylation (note the upward shift 
a/^logous pairs for other isoforms (htau24, 34, 39, 40). 

ATQ anlj|)ody. It reacts with dll lau isofomis after phosphorylation (even 
shown here). 



Diagram of consTruets K3M, KlO. K19. and K17. K19 (99 residues) contains the sequence Q244-E372 
of htau23 plus an N-terminal rr* ithionine. This comprises three of the repeats (repeat 1 . 3. and 4; repeat 
2 is abeent in htau23}. KiO (163 rocidues) is similar except that it extends to the C-terminus of hlau23 
(L441 ). K1 7 (1 45 residues) con ains the sequence Si 98'E372 (assembly domain starting at the chymo- 
tryplic cleavage sits, up to end of fourth repeat, but without the second repeat, plus an N-4erminaJ me- 
thionine). K3M (335 residues) (omains the N^erminal 154 residues of bovine tau4. plus the sequence 
R221-L'441 of htau23 (without second repeal). The location oJ peptide S198-T220 is indicated in K17, 
By comparison of the construct ; the epitope of AT9 must bo in this region (see Fig. 4). 



Phosphorylaiton of hiau40 and 



constructs K10. Kl7, K3M. and Kl9. 



(a) SDS gel. Odd lanes, hTab40, 
phorylation. Note the upwa d 
because KIO is not connple lely 



ATB. 



(b) Immunoblot of (a) with 
in the phosphorytated stale 
also F^osphorylated and s^ow 



(c) Construct K19 before 

shift and no 
nobbl with ATB. showing 



Diagram ot tryptic peptide 819!' 
was latseted with two radtoactrvi r 



\ KlO, Kl7, and K3M betore phosphorylation, even lanes, after phos- 
shin oif the bands after phosphorylation, In lane 4 there are two bands 
phosphorylated. 



The antibody reacts only with htau40 (lane 2) and Kl7 (lane 6). both 
but not with K1 0 (lane 4) or K3M (lane 6). although thc^c constructs are 
an shift. 



and after incubation with the kinase. Lanes 1 and 2, SDS gal; there is no 
phosphoryliition, canfirmed by autoradiography (not shown) Lanes 3 and 4, immu- 
ne reaction. This confirms that the epitope Is not in the repeat region. 



i-R209. The 1 5 residue peptide (containing 5 serines and 1 threonine) 
phosphates at SI 99 and S202. as deien^ined by sequencing. 



Phosphorylation and antibody rjeaclions of the D-mutant of htau23 (SI 99 and S202 changed into D). 
LanoB 1 and 2» SDS gel of htaiJ23 betore and after extract phosphorylallon; lanes 3 and 4, D-mutant 
before and after extract phosphDrylaiion. Note that the D-mutant runs slightly higher than htau23 (lanes 
1 ,3), but after phosphorylation toth proteins have the same position in the gel (lanes 2, 4). 
Lanes 5-8, immunofalots of lanrs 1-4 w'rth AT8. The antibody reacts only with extract phosphorylated 
htau23 (tetne 6). but neither with the unphosphorylaied form (lane 5) nor with the D-mutant (lanee 7. 8), 
although ft was phosphorylated as seen by the additional shift end autoradiography (not shown). 
Lanes 9-12, immunoblots of Janf s 1-4 with TAU1 . This aniibotiy reacts only with h!aLj23 before phospho- 
rylation (lane 9), but not with the phosphorylated \om (lane 1 0) nor with the D-mutant (lanes 11 . 1 2). The 
as^rtic acid apparently mimicks a phosphorylated ferine and thus masks the epitope. The minor reaction 
of htau23 with TAUI h lane 10 ■ hows that the protein is not completely phosphorylated. 

Time course of phosphorylatbn of bacterially expressed human isoform hlau23 with the brain kinase 
activity and corresponding auior adtogram. 



)afl?r 



(8) SDS-PAGE of htau23 
unphosphoryiated protein is 
rylatbn leads to a progress 
lanos (numbered 4, 6. etc. bplow 
(teiboled below Fig. ia) 



incubation with the kinase between 0 and 24 hours, as indicated. The 
a single band of M^^ = 48 KD (lane 1 ). Lanes 3-14 show that phospho- 
vB shift 10 higher h/l^ with well defined intermediate stages. The even 
Fig. 1 b) are observed in the presenra 1 0 p.M okadaic acid (OA) 
The odd lanes (3, 5, etc. labeled '-") are without okadaic acid. The first 
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slage lakes about 2 
=:54kD). Ihq tbirtis 
the subsequent 24 hours, 
(b) Autoradiogram of (a) 
experiment was as follows 
(2.0/3.0). 24 hours (3.2/4 



hours [(shift to a new = 52 kD). the second ie finished around 10 hours (M^ 
finish !d around timg 24 hours (M^ s 55 kD); no further shill is observed during 
-ane 2 shows a mutant ihal is not of significance in this context. 
1 he quamltation of the phosphate incoiporsled |moI P/mol protein) in this 
[-OA/+OA): 30 min (O.Srt .0), 60 mm (0.7/1 .4). 1 20 min ( 1 .0/2.0). 1 0 hours 



C). 



(a) SDS gal showing the tiine coursn of phosphoryiatk^n of hTau23 similar to thai of Fig. la, but with 
10 okadaic acid throug lout; 

(b) innmunobtaT of (a) with tpe 
in the second and third ? 



rnonoclona! antibody SMI34. The antibody recognizes the protein only 
0I phosphorylaiion. but not in the first. 



t stage 

Binding of tau isoforms to mtcr rtubulas beffora and after phosphorylation. 

(a) SDS gel of a binding ei periment, iflustraled for the case of the lau isoform hiau40 (whose band 
is clearly separated from tt at of tubuFin (T) so that both components can be shown simuTlaneousfy. 
without having lo remove ibuHn by a boiling step). The top line indicates pellets (P) or supernatante 
(S). with or without phosphorylaiion for 24 hours (+ or -P{j. Lanes 1-4. 20 jiM lau protein (total con- 
centration), phosphorytaied (lanes 1, 2) or not (ianes 3. 4). The comparison of lanes 1 and 2 shows 
that most of the phosphory aied protein is free (S), while only a small fraction is bound to the micro- 
tubules (P). l^nes 3 and 4 • how that in the unphosphorylated slate at>out half of the protein is bound, 
the other half free (note als 0 that the phosphorylated protein bands, ianas 1 , 2. are higher in the gel 
than the unphosphorytaicd ones, lanes 3. 4, similar to Fig. 1 ) Lanes 5-8, similar oxpsrimeni with 1 5 
jiM htau40. Lanes 9, 1 0sh< wthe case of lO nM phosphorylated protein. Lanes 11-15 are for density 
calibration with known amc unls of htau40 (15,10. 7.5. 5. and 2.5 resp.). 

(b) Binding curves ot htau23and (c) hlaLi34 to microtubuies before (circles) and after 24 hourphos- 
phorytelion (triangles); thei e curves were derived from SDS gels similar to that of Fig. 3a. Polymer- 
izod tubulin is 30 FrtiQtl dissociation constants and sloichiometries are as indicated. In each 
case the most dramatic ette d Is on the number OT binding siiee which decrense about ihree-fold upon 
phosphofylation. from arou Id 0,5 (i.e. ono tau lor every two tubufin dimers) down to about 0.16 (one 
tau for six tubulin dimers). Note tl^l the binding ol unphosphorylated 4-rfipBat isolorms (such as 
htau34) is particujary tight K<j round 1-2 

location ol the 7 ser-pro motifs phosphorytaied by the kinase activity, 
ntemal repeats nvolved in microtubule binding; the second is absent in 
two shaded boxes near the N-terminus are inserts absent in htau23 
have only 6 ser-pro motifs. The following radioactive tryptic peptides 



Diagram of htau40, showing 
The boxes labeled 1 -4 are the 
some Isoforms (e.g. hlau23). 
and htau24 so that these molectiles 
were found: 



Tie 



24- <»: aXIGCTTKroQESJIDK^^ 
191-209: SfiZSSCtSUtt.PCT?GSR 
m-l*^- TPJtSJ»SSAIC 
SfWGJJTSJW 

40M2B: KLSKVSSTGSIOnVt&.'PtMU 

Fig. 11: Binding of htau34 to microtubules, beloro (circles) and after phosphorylation for 90 min (stage 1. trian- 
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gl8S). Ti^9 reduction in bincftng 
Rg. 9b). 

SDS-PAGE and immunoblotB 
SMI33. SM]3l.andSMj34. 



capacEly is very similar io (hat after 24 hours phosphorylation (compare 



?t tau protein from Al2heimgr and normal human brain with antibodres 



(c) inimunobiot of (a) with 
phorylation, and PHF tau ir 



(a) L-ane 1 . SDS-PAOE at U u protein fronn a normal human control brain, showing 5-6 bands between 
M^S and 65 UD (somewhat lower than the PHF tau erf lane 3). Lano 2. normal human lau after 
pho^horylalion with idnafii i activity, resulting in an upward sh\t\ of all bands. Lanes 3. 4. immunoblot 
of PHF tau with antibody I E2 which recognizeG afl-tau isoforms indapendentty of phosphorylation 
(Kosik el al.. Neuron 1 (1 9C 8), 817-825). Lane 3. PHF tau as isoiated from an Alzheimer brain; lane 
4, after dcphosphc^ylation ivith alkaline phosphatase. Note that the bands ot the dephosphorylated 
protein are shifted down or the gel. 

(b) Immunoblot of (a) with S iM133. The antibody recognizes normal human tau (lane 1 ). and PHF lau 
after dephosphorytation (laie 4). 

I SMI 31. Note thai the antibody recognizes normal human tau after phos- 
it& natural state of phosphorylation (lanes 2, 3). 
(d) Immunoblot of (a) with >M134. This antibody recognizes normal human tau only after phospho- 
rylation (lane 2). at\d PHP I qu (lane 3). 



Time course of phosphorylation 
and immunoblots with antibodies 



bacteriaHy expressed human isotorm htau23 (sbnilaf to previous figure) 
SMI33. SMI31. SM134. TAU1, and AT8. 



, phosphory ation 



(a) SDS-PAGE. 
(b-f) Immunoblots with 
nize htau23 fully up to the 
second slage. Antibodies 
protein cwily in the second 
(g-h) Immunobloit of htau3/ 
phosphorylation onwards. 



times 0-24 hours, showing the succoscive shifts. 
5MII31. 5M134. SMi33. TAUl, and AT8. Antibodies SM133 and TAU1 recog* 
end of stage 1 (2 hours), but the epitope becomes blocked during the 
j;MI31. 5Mr34. and ATB are complementary in that they recognize the 
ind third stage of phosphorylation. 

«ftth SMI33 end SM{310 which recognize the protein from the stage 2 
Similar to SM13t. 



SDS-PAGE of tau and several 
SMI34. 



! ard 



Gnnstruct I 



ithme 



(a) SDS-PAGE. Lanes 1 
24 hours. Lanes 3 and 4: 
K1 9 before and after 
With K10 one obsen/es 

(b) Immunoblot of (a) with 
(lane 3), suggesting thai th«i 

(c) Immunoblot of (a) with 
(only lop bands, lanes 2, 4) 
sequences on both the N-1 
contiguous (conformalion-dbpendent). 

(d) Immunoblot of (a) with S 
K10 (lane 2). suggesting 



1 \m 



(a) Lanes 1-8. SOS gel of 
phorylatod and 
the SDS gel- 

(b) BlQtor(a)with SMI33. 
in the dephosphorybled anc 
phorylaled) first KSP molil 



constructs, and immunoblots with the antibodies SMI 33, SM131, and 



2: ConstOJcl K10 before and after phosphorylation with the khase for 
K17 before and after phosphorylation. Lanes 5 and 6: Construct 
phosphorylation. All constructs axcapt K19 show a sh9t upon phosphory laiioa 
shifted bands, with K17 there is only one shifted band. 
^MI33: The antibody recognizes only Kl7 an the unphnsphorylated form 

epitope lies before the repeats. 
5^134. Th9 antibody recognizes K10 and Ki 7 in the phosphorylatedform 
The antibody does not recognize Kl 9 (the repeat region), but requires 
'terminal and C-terminal skJe of the repeats. The epitope *rs therefore non- 



MI31 . The antibody recognizes only the top band of the phosphorylated 
' the epitope Hes behind the repeat region. 



Diagram of point mutants of hta ;40 and htau23. 

SDS get of htau40 and the poir t mutants of Fig. 1 5. and )mmunobk>ls with antibodies 5MI33. SMI31 , 
and SM134. 



htiu40 and its muiants K AP235. KAP396. and KAP235/396 in the unphos- 
phosphoryk ted form (-i-). In each case phosphorylatbn leads to an upward shift in 



llhe antibody response is strongly reduced when S235 is mutalad, both 
phosphoryldied state (bnes 3^. 748). This indicates that the (dephos- 
part of the epitope of sr\A33. When S396 is mutated to A the behavior 
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Fig. 21: 



is similar to tlie parent 
reactbn in the 
(c) Blot of (a)with SMI31. 
form (femes 2. 4. 6. B). Thi! 
mbant of ihe epitope. 
(cQ Blot of (a) with SMr34. 
thai the two KSP motifs ar4 



mdlecute. i.e. strong antitxx^y response irt tiie dephosphorylaied state, no 
phosphory^tod slate, so thgt S396 does not conlributa to Itie epitope of SMI33. 

The antibody recognizes h1au40 and ai! mutants in thB phosphorylatdd 
shows that phoephofytatfon of the two KSP motifs Is noi th9 main deier> 



The reaction is similar to SMI31 but more prmounced. again indicating 
not essential. 



Deletion mutants of tau and ihei ' 
(KS-K?) or one repeat {K13-K15). 
Note that the antibody recogni :os 
wiih 5MI31. Note that tha ant4ody i 
not the one<repeat molecules 
eloicts KZ K3M. and K4. befor^ 
K4 phosphorylated. (t) Blot of 



antibody response, (a) SDS gel of constructs containing only two repeals 
. before and after phosphoryiation. (b) Immunoblot of (a) with SMI34. 
all phosphorylaied proteins only weakly), (c) Immunoblot of (a) 
rBcognizes the phosphorylated two-repeat molecules (K5-K7), but 
(|<13-K15). Lftnes 7 and 8 show htau^O as a conlro!. (d) 5DS gel ol con- 
and after phosphorylatron. (e) Blot of (d) with SMI 34, recognizing only 
with SMI31. recognizing only K2 phosphorylaied. 



Diagram of htau40 and various 



Diagram of tau isofomis arid ocnstructs used in studies on tau dimerlzation and oligomorization. 



spacer 
MW 



(a) TBR-1.5S3 residues. M\V 
terminus (29 r^tdues each 
dupliceted with a srnall 

(b) T8R-2,5n residues, 
cated, 

(c) T7R-2,480 residLfes, 
first repeat donrain. 

(d) Hlau40,44i residues, 
two N-lerminai inserts and 

(e) Hlaii23,352 residues, 
pd only three 

\ residues. MW 
l^ residues, MW 




SDS PAGE (4-20%) and gel chiomatograpMy 
were run in reducing conditions 
lane 1 with 3 mM DTT in sampf i 



(a) Constructs 

(b) Consrfiicrki 
DTT; it c, 




Htau 



ovsntad by 



muiams used in this study. 



57743, derived from htau40 (gog below). It has two inserts near the N- 
halched) and a repeat domain of tour repeals (numbered i -4} which is 
In between. 

53459; ii lacks the N-terminai inserts, but has the four r^eals dupli* 



M^y 50212; similar to T6R-2, but without the second repeat sequorice in the 

IViW 45850, the largest of ths six human tau isoforms (Goedert et el.), with 
^ rep f^at domain contaning four repeats 

36760, the smallest of the human tau Isofonms, without the M-terminal 
rep( ats. 



1|532B, a repeal dorjiatn with tour repeats plus a short tail. 
3079, a repeat domain with three repeals plus a short tail 



ot tau constmcls and cross-IinKod products. Gels a and c 
(3 mM DTT in sarrvle buffer), gel b in non-reducing conditions (except 
buffer). 



ffd K12. I\/»lecular weight mariners are given on the left. 
\ cfps j-linted pr^dCTs. Cross-linking occurs spontaneously in the absence of 
gduced by addition of PDM or MBS. Aggregaiicm products are 
labeled on The right (mononjie^, dimerk trimers, iclrsmers^ete;); 

(c) Silver stained SDS gel o\ a Superose 1 2 gel filtration rud of K1 2 ci^s-iinkod by PDM. The clime)s ^ 
. . . I Tionomers. Practions IBaiidJli^^^^ 

(d) Elution profile of Superose 12 gel filtration of ct^nsiruci ki2monomers an((dimBflsrjros5^inte^ 
wilh PDM, The elution posi Ions of calibration prole^^Tsrare^ptotted against thBt^eflBef^ve hydrated 
Stokes radii on a logar'rthrpiij^sraie (right axis). 

(e) CD spectnjm of constr^:t Kl2 (8 mgf^ml in 40 mM i-IEPES pH 7.2. path length 0.01 mm). There 



is no significant a-helical or 
well as with full length tau. 

Synthetic paired helk:al filament 



(a) A tangle of synthetic PHf s 
The construct was expressoO 
was dialysed aga inst 0.5 M T ns 
stained wilh 2% uianyl acetate. 

(b) and (c) Single fibers of 



^eet structure. Similar spectra are obtatr>ed with other constructs as 



from consiruci Ki2. 



from K12 (crossover period of - 70-75 nm indicated by arrowheads), 
and purrTied by the methods dascribed previously (Steiner et al.). It 
HCl, with pH values between 5.0 and 5.5. The solution was negatively 



synthetic paired helical filaments made from construct K12. Note the 
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crossover repeals (arrowh^ds) and the rod^ike particles ot lengths around 100 nm {c. middle). Bar 
= lOOnm. 



Frg. 22: 



Synthetic paired heHcai fitameij)l6 
1% phosphotungstic acid 



(micr Dgraphs 



10 



fS 



from Kl2 dimere cross-linked with PDM and negatively stained with 
provided by M. Kniol), Bar =: lOOnm. 



Fig. 23: Paired heOcal filaments from A cheimer brain (n^rographe provided by Dr. Lichtenberg-Kraag). 

(a) PHFs from neuronbrilla y tangles prepared after Wischik el al., stained witfi 1% phosphotungstic 
acid. This preparation conti lins homogeneous kxig filaments which still retain their pronase sensriiva 
•tu22y coat." The crossover repeat is 75*60 nm. the wkhh varios between a minimum of about 10 
nm and a maxirnum of 22 r m. 

|b) PHFs prepared after Gr jenberg & Oavios. This preparation results in soluble filaments of shorter 
length than in (a) and is m?re heterogeneous. (1) Is a paired heficat tiiamertt with a 72 nm repeat 
and a wkJth varying betwei m 8 and 18 nm; (2) is a straight filament of 8 nm width; (3) is a twisted 
filament with a particutariy ^ nde diameter (up to 25 nm); (4) is a straight filament with a wide demeter 
I like particle about 80 nm long, equivalent to about one crossover period. 
; appear to have broKen apart across the ti lament, e.g. ihe two rods labeled 
(3) and tfia short stub to the right of it. or tha two straight rods above 



{1 B nm); (5) is a twisted rod 
In many cases the panicles 
(4), the twisted tilament of 
particle (3). Bar = ICQ nm. 



Fig. 24: 
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Electron micrographs of lau isot^rm htau23 and construct T8F^-1 prepared by glycerol spraying and metal 
shadowing 

(a) monomers of htau23. 
(h) dim6r5 of htau23, 

(c) monomers of T8R-1 . 

(d) folded forms of T8iR-1 

(e) dimers of T8R-1. For feijigihs 
rigtit Bar = 50 nm. 



(fjiair-pin folds showing intramoleciilar antiparaliel association), 

see Table 1 and Fig. 7. Interpretative diagrams are shown on the 




Length histograms ot tau consir^ucts and dimers. 
Electron micrographs of con&ta|cts K11 and K1 Z 



4P 



45 



SO 



(a) Monomers of K11. 

(b) dimers of K11. 

(c) ifitramers of K11 formed 

(d) Monomers of K12. 

(e) dimers of K1 2, 

(f) tetramers of K1Z Bar = $0 nm. 



Fig. 27: 



Fig. 28: 



(a) K12 dimers cross-fink^d 
(B) K12 dimers cross-linked 



(Antlbo^^beling of ^qijiZs/ki^. Jn\ 



(a) Htau23 dimers with an 
onsl rating tfie antiparaliel 

(b) Kl 2 dimers with an antib 
able tetramers with antibodies 
the eprtope; 

(c) Kl 2 dimers cross-linked 
(mkldle) and a tetramer wiifi 

(d) K12 dimors cross-linkod 
(middle) and a tetramer with 



Fig. 29: 



Time course of phosphorylation 



by longitudinal association of two dimers. 



gy'PDM (i.o. Cys322 to Cys322); 

by MBS (Le. Cys322 to nearby Lys). Bar = 50 nm. 



nd cross -linked products thereof. 



antibody at one end (left) and vnth an antibody at each end (right) dem- 
di nerization of htau23; 
xJy at one end (left), with antibodies at both ends (middie) and presum- 
at the free ends (right) indicating that this type of association bkxks 

j^ith PDf^. with an antibody at one end (toft), with antibodies at each end 
antibodies at the free ends (right); 

i)y MBS with an antibody at one end (left), with antibodies at each end 
antibodies at the free ends (right). Bar = 50nm. 



o! htau40 by (35K3 and immune response. (l ) SDS-PAGE of htau40 
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Fig. 30: 



Fig. 31: 



Fig. 32: 
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Fig. 33: 



Fig. 34: 



Fig. 35: 



Fig, 36: 



Fig. 37: 



after Incubaibn with the idnae ) 
fragmenl. Note the progreseivd 
kinase. (2) Autoradtography. (: \) 
(lollgwing the phosphorylaiion 
sensitive and againsl pt^osphcrylaiBd 
and S404). (7) Biol wilh anlibdiy 
f erencos with respect to phocpl lorylation 
[or a long pcdod, suggesting Th at 
appears very quickly, before thpt 
targets of QSK3. 



Mobility shift of htau23 vei^uG 
• batiom. autoradtogram. l_anes 
the pronouncod shitl and Ihe c 
phorytatod and phosphorylated for 
of phosphorylation much bwei 
sinralar as with MAP kinase an( I the 



Diagrams of tau construcls. Joh, 
into Ala-PiD. Middio, AP11, onlj 
(derived frOrn htau40). 



between 0 and 20 hours ai 37*C. The minor lower band in tana 1 is a 
shift to higher AAr values, similar to the effects ot t>rain extract and MAP 
Irnmunoblot with the antibody TAU1 whoee reactivity is lost after ^2 h 
Of SI 99 and S202]. (5) irnmunoblot with antibody SMI34 (conforniaibn 
Ser). (6) Biol with SM131 (epitope includes phosphorylated S396 
SMI 33 whidi requirss a dophosphorylated S235. There are some dif- 
by MAP kinase or the brain extraci. The $M|33 staining persists 
Ser235 is only slowly phosphorylated by GSK3, The staining of SMJ31 
of ATS or SMI34, showing that 8396 and S404.are among the earliest 



mutant htau23/A404 upon phosphorylation with GSK3. Top. SDS gat, 
-3, htflu23 unphosphorylaied and phacphorytated tor 2 or 20 hours. Note 
ear incxjrporatton of phosphate. I janes 4-6, mutant Ser404-Aia, unphos- 
2 and 20 hours. The shift after 2 hours is much smaller and the degree 
This Shows that the fjrsi strong shift and phosphorylation is at Ser404, 
brain extraci kinase activity. 



API 7, a derivatTva of htau23 with all Ser-Pro or Thr-Pro motifs altered 
Ser-Pro motifs changed into Ala-Pro. Bottom. KlB, only 4 repeats of tau 



Copolymerizalion of MAP kinat e and 6SK3 with porcine brain microtubules, (a) SDS gc! of microtubule 
purification stages. Ex = brain ijxtraci, supernatani after first coW spin. S = supernaiani of first liol spin 
= tubulin and MAPb not assert bled into microtubules after warming to 37''C; P = pellet of redissolved 
microtubules. The other lanes (S !, P) show two further cycles of assembly and disassemljly by temperature 
shifts (last poliet of microtubule >rotein was concentrated), (b) Slot with anti-MAP kinase, stiowing mainly 
the p42 isofonn and some of tlie p44 isofonm. (c) Bkrt with dnti-G5K3P; note thai this antibody shows 
some cross-reactivity with GSK 3ll (d) Blot witli anti-GSKSoL. The btote show that both kinases and their 
tsofoims co-purify with the cycl of microtubule assembly 



(a) Identification of GSK3a am 
of ncmial brain extract, lane 2, 
some crDSsrgactivity to Oc). 



iri|p in normal and Alzheimer brain extracts. M = markers, lane 1 , SOS gel 
irnmunoblot with anli-GSK3a; lane 3, inrvnunoblot with anti-GSKSp (with 
4 and 6. same blots with Alzheimer bnain extracts. 
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Binding cunres of htau23 to micblubules 
cunre (squares), htau 23 unpho* phorylated 
a comparable stoichiometry as 
(triangles), control of htau23 
crease In stoichiometry. The so 



(made from 1 0 p^M tubulin in the presence of 20 p.M laxoi). Top 
. Mfcfdie (circles), htat/23 phosphorylated withGSKS. showing 
unmoditiodtau protein (saturating 0.6 per tubulin dimer). Bottom curve 
phosphorylated with the brain kinase activity, showing a pronounced de- 
id lines show the best fits assuming indepsTKjent binding sites. 



tie I 



(a) Diagram o1 htau23 and 
mutants to microtubules, 
ounces show unphosphorylated 
phorylation. Mutants are (Uoo) 
S8r202-Ala. The mutation at 
to phosphorylation. These curve 
6). Polymerized tubulin is 30 , 
KJpM) are: 

hiau23wi non^hos. (n=0,49, 
A404phDS. (n=0.32. K^9.3); 



Bindingcurves of htau40tomicr: itubules. 



phorytated with MAP Idnase 
dissociation constants and 



(a) Diagram oT total mutant AP10. 
Ser262 and 356 are mutated in o 



pointjmutants used in this invention, (b] Binding curves of htau23 ar^d its point 
unphcjsphorylatod and phosphorylated with brain extract. The top and botiom 
and phosphorylated wild type hlau23, the other curves are after phcs- 
i top to bottom): Ser2S2-A{a, S9r235-Asp/Ser396-A6p, Ser40d-Ala. 
S^r262 nearly eliminates tho sensitivity of the tau-mk:rotubule inleraaion 
3 were derived from quant italing SDS gels by densitometry (see Example 
The fined sioichiomeiries n tau/iubulln dimer) and binding constants 



2.5); A262 phoa. (n=0.45. K^5.3): D235/D396 phos. (n=0.32. K^7.4); 
A^oa phos. (n=D.31 . Kjp9.4); htau23wt phos. (n=0.16, Krt=4.9). 



. Top. unphosphorylated htau40 (irianglas): middle. htau40phoB- 
(cir^les); bottom, htau40 phosphorylated with brain extract (squares). Fitted 
si oichibmetries are as indicated. 



All Sor-Pro and Thr-Pro-motrfs are replaced by Ala-Pro. In addition, 
► Ala. In the mutant AP17 Sor2S2 and Ser356 remain unchanged, (b) 
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Fig. 41: 



Fig. 42: 



Binding curves of hiau 23 and Ihe 
phorylaiion by br^in exlracL 
AP1B (circles), ihe two bottom 
glsB). The dfflerenqe in behav 
API 7. Fined slochiomsiries 
htau23wl non-phos. (n=0.49, 
htau23wi phos. (n^^.lS, K^pA. 
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"lomr mutants APi7 and APIS to microtuhulos without or with phos- 
bp. unphosphorybted hlau23 (filled triangles); middle, phosphorytated 
ufves are phosphorylated AP17 (open squares) and btauZ3 (open Irian- 
or b&tWBBn AP17 and API 8 is due to ihe phoj^horylaiion of Ser262 in 

binding constants are: 
K^^5); AP18 phos (n=0.48, K^tsS I); APl7 phos (nrO.18. K^p6.6); 
3). 



aihd 



Preparation of the kinase fjorr porcine brain by chromatographic steps, (a) Mono Q HR 10/10 FPLC. 
The phosphorylatbn ol racamfc inanl human lau 34 and construct API 7 is shown on the y-exis as moles 
Pj iranstgrred per mole of tau. Fractions which decrease the binding of tau to MT eluie around fraction 
12, 20 and 30. the peaks around fractions 20 and 30 boing the most effective, (b) Fractions 2fl-32 Iram 
Mono Q wore gel filuatad on a Supordsx G-75 HiLoad 16/50 colunvL The column was calibrated with 
standard proteins as shown by he Titl9d symbols: Ribonuclease, 14 kOal; chymoirypsinogen A. 25 kDal; 
ovalbumin, 43 kDal; bovine sei urn albumin, 67 kDal, Molecular weight s indicate on the right y-axis on 
a logariihmlc scale. The phosp^ojyiation of htau34 and construe! KlQ rs shown on the left y^is. The 

[ appmx. 35 kDaL (c) Fractions 17-23 from the gel fillraibn column were 
on a Mono Q HR S/5 column. Fraction 10 was used for binding studies. 
I purification stages, M; N4arKGr protetr^; lane 1, whole brain extract, lane 
2, Mono Q HR 10/10 FPLC. in ction 30; lane 3, Superdex gel fiUrBiion, fraction 22; lanes 4-5, Mono Q 
HR 5/5 FPLC, frscttons 10 and 9. Lane 5 shows the purifiod 35 kDal band and a trace at 41 kDaL 



highest activity elutes at a Mr O: 
pooled and rechromatographec 
(d) SDS-gel showing the main 



SDS gel and in-gel assay of 
gel of fractions 9-11 (lanes t 
experiment, with tau construct 
fractions 9-i1 (lanes 1-3), (c) 
autopboBphotylaiion of the 
from those gels since the 
35 KDal band. 



Mor o 



activity (for details see Example 11). (a) 7-15% sflver stained SDS 
of second Mono O run (see Ftg. 3Bc). (b) Auioradlogram of an in-gel 
C9 (= four repeats plus C-terminal tail of tau) in the gel and 5 p-l aa^h of 
y kUtoradiogram of control gel containir^ no tau protein and showing no 
Q traaions. Note that specific kinase activities are ditticult to quantify 
renatijred protein tends to diffuse out of the gels; this is especially true of the 



Effect of phosphorylation ol tad by 35 kDal kinase on gel shift and microlubula binding, (a) SDS gel of 
htau23 and constructs phosphc rylated by several kinases. M, marker proteins. Lanes 1 and 2. htau23 
without and with phosphorylation by 35 kDal kinase. Lanes 3 and 4, same experiment with point mutant 
htau23(Ser409-Ala) (no shift); li ines 5 and 6, point mutant htau23(Ser416-Ala) (only part of the protein 
phosphorylated, but otherwise i ame shift as h bns 2); lanes 7 and 8. point mutant htau23{Ser404'Ala) 
(came shift as lanes 2 and 6). Th i mutants show that the 35 kDal kinase Induces a shift by phosphorylating 
Ser409. Note that 5Br404 is the target of MAP kinase, Scr416 of CaM kinase (Stein er ei aL, 1 990. ibid.), 
and Ser409 and Ser415 of PlOi, each of wliich inducen n shift. Lanes 9-11 show a comparison of the 
shifts induced in htau23 by the different kinases (CaM kinase, PKA and M/^ kinase). The shift induced 
by PKA (lane 1 0) is the same e s that of the 35 kDal kinase, and that MAP kinase produces by far the 
largest shift, typical of the AizhEimer-like state of lau. The bars on the right indicate the shift level; from 
bottom to top. unphosphorylalei htau23 (control), CeM kinase shift level, PKA slift level, MAP kinase 

he C-iermlnus. (b) Binding curves of htau23 and the mutants Ser262-Ala 
|5hosphorylation by the 35 kDal kinase (Mono Q fraction 10, 20 hours), 
(open circles, n:=0.49. Kjj=:2.5 pM); middle, phosphorylated mutant 
x5nom. phosphorylated h!au23 (filled circles, n=:0.2l. K^S.BpM). In the 



shift level. AH shift sites are near 
lo microtubules without or with 
Top. unphosp^1orylated hiau23 
(squares, n=0.44, Ktf=l1.6jxM); 



absertce of Sar262 Ihe reduction m stoichiometry te 0.05; with phosphorylated 5er262 it is 0.26. 



Diagram of htau40, highlighting 
microtubule binding. 

1. Dephosphorylation ("dephos 
graphs of 7- 15 % SDS gradient 



A. Dephos. with PP2a H-iso orm (lOug^ml) 

Lane 1 : h140P before dt phos. 
Lane 2: 10 mim dephos 



he first mrcrotubule-btndrng repeat and the Ser262 that is important for 



•) of 32p-marked hiau40 ("ht4032p-) with different PPases. Autodia- 
jelc. Autoradbgraphs of 7-15% SDS gradient gels. 
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Fig. 4 



Fig. 45: 



Fig. 46: 
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A.SDS-PAGE (7-15%). 



EP 0 618 968 Bl 

Lflne 3: 30 mtn. depht ». 
Lane 4: 1 20 min deph db. 

B. Dephos. with PP2a M-ifoform (Ipjig^mf), 

Lanes 1 -4: see A. 

C: Dephos. wiih PP2a L-i^tOfm (lOpg^ml). 

Lanes 1-4: see A. 

D: Dephos. with cdtalytb sbbunh of PP1 (500 UTN). 

LancGl-4:sce A. 

2. Dophosphorylalbn with PP2b-H: disappearing ot phosphorylation dependent antibody epitopes 



< ephos. 



Lane l: ht40P before 
Lane 2: lO mri depho< , 
Lane 3: 30 mh. depho 
Lane 4: 120 mb dephcjs 
Lane 5: 5h dephos. 
Lane 6: IGh dephos. 

D. Autor^dtographs 

C. Immunoblot AT-8 

D. Irrtmunobtot Tau-IA 

E. Immunoblot SMI-33 

4; Kinetics of dephos. with PP2k-H 



a. time course of dephos. c f 



b. vsriation in the ht40P-co icontratlon: Mk^ioelis-Menten-Diagramm. 



Preparation of the 70 kOal kina 



50 Which phosphorylates the two IGS motHs and the two CGS motitfi of 



tau protein (Serines 262. 293. 3 !4..356). The kinase strongly reduces the affinity of tau lor microtubules. 

(a) Chromatography on S-S epharose. Kinase activity eluics el 250 rnM NaCI. 

(b) Ghromaiography on hep arin agarose. Kinase activity eluies at 250 mM NaCI. 

(c) Gel filtratbn on Supordex G-75. Kinase activity ehJles at 70 kOal. 



"Hme course of phosphorytaiion 



(a) 505 polyactylarnlde gel 
(h) Autoradrogram showing 
(c) Immunoblot with TAU-1 



ht40P with different conceniraiiona of PP2a 



M htau40 wnh cdk2/cyciin A. Lanes 1 -9 correspond to time points 0. 1 0, 



30, 90 mtn. 3, 6, lO, 24 hours, a nd 0 min (the 0 min lanes aro the conirol). 



electrophoresis, showing the shift of the protein upon phosphoiylation. 
increasing incoTporation of phosphate. 

antibody which recognises only unphosphorylated Sen 99 and Ser202. 



(d) Inmunoblot with AT-6 ai itibody which recognizes ihese two serines in a phosphorylated state, 
as well as Alzheimer tau. 

Example 1 Preparation of tau proieh 

[0037] Preoaralion of tau from ponmal brajnjs: The procedures of lau prepanation from human, bovine, or porcine 
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brain, dephosphorylalion. and rephosphorylatjon were essentially as described by Hagesledl et at.. J. Cell. Biol. 109 
(1989). 1643-1651. 

[0O38] Preparation o( tau !rom Alzheimar \ 



\ rains: Human brain tissues from neuropaihdogically conrirmed cases ol 



Alzheimer's disease were oblainesd from varu|tus sources. The autopsies were pertormed between 1 and 25 hours posl 
rrrarterri. 

[0039] The brain Ussue was kepi frozen atir 
to Greenberg & Davies. Proc Natl. Acad. 5c i. 



tTITC. Tau fnjrn paired hefcal filaments (PHF) was prepared according 
USA B7 (1990), KZ7-5B31. 



Example 2 Characierizaiicsn and partial purif jpalion of the tau phosptioryfalmg activity (protein IdnaBe) of pore brain 
extr^ 



inc Jbation i 



[OtMO] Pore brain extract supernatant was 
precipiiaied at 40% saturation, "mis fraction 
buffer (25 mM Tris, 2mM EGTA. 2mhA DTT. 4CifntVl 
inhibitors) for 2 hours al 37" C. During this 
as shown by Western blotting wiih anti-phosj)hoiyro6ine 
by a second mAb. 

The crude enzyme aaivity was t urther purified by 
containing the activated MAP-Kinase, as she wn 
activity (Peak I). A second tau phoBphorylaiirjsg 
imer-specffic antibody reactivily in tau. 



f -aaionaled by ammonium sulphate precipitation. The main kinase activity 
Aras desalted by gsl nitration, diluied fivefold and incubated in activalbn 
p-niirophenylphosphate, lOnMokadaicacid. 2mKfl MgATP. protease 
a phosphorylation of a 44 kD protein at tyrosine resduB(s) occure 
mAb. The 4^ kD protein could be identified as MAP2 kinase 



ion exchange chromatography (Mono Q FPLC, Pharmacia). Fractions 
by Western bloning. exerted the most prominent tau phosphorylating 
activity (Peak U) did not induce comparable SDS-gel shifts and Alzhe- 



Example 3 Construction of plasmidB carryind genes encoding recombinant tau polypeptides tor the determination of 
Alzheimer tau protein specTic epitopes 

[0041] Ctoning and expression of tau cons ructs: Plasmld preparations and cion'ffig procddu res were perfonned ac- 
cording to Sambrook ei al (Molecular Cloninj i Laboratory Handbook. 2nd edition. CoJri Spring Harbor Laboratnry Cold 
Spring Harbor, 1989). Amplifications by the pt -lyme rase chain reaction (PCR SeiW et bI. Science 239 (1988), 487-491 ) 
were carried out using Taq polymerase as swcified by the manufacturer (Perkin Elmer Celus). Thft ifiu genes and 
their consimcts were expressed in the expmssion vacior pNG2, a derivative of pET-3b (Rosenberg et a!.. Gene 58 
(1987) 125-135), modifiod by removal of Pstl. HindlK, Nhel and EcoPV reslriction sites lar convenianr engineering of 
the tau gene. For the expression the BL21 (CiE3)E coli system (Studier et a!.. Meth. Enzym. 185(1990). 60>B9)was 
used. Most conetnjcts were derived from the human isoform htau23 which conteins 352 residues and three intarnal 
repeats in the C-terminal microtubule binding egion (Goeden et aL. Ptdc. Natl.. Acad. Sci. USAa5 (1988). 40S1-A055). 
The numbering of residues used here refers Ic the sequence of htau40. the largest of ihe human laofomis (441 residues. 
Goeden et aU ibid ). For the Isolation of the constructs use was made of the heat stability of the protein; ihey were 
separated by FPLC Mono S (Pharmacia) ch«oma!ography according to the procedure described by Hagesledt et al.. 
J. Cell. Biol. 109 (19B9). 1643-1651. 

[0042] K10: This represents the carboxy pE n of The htauZ3 isoform consisting of 1 68 residues (Q244-L441 plus stan 
methiwiine. but without the second repeal V2 ^5-5305). The K10 tau cassotto was generated in the pNG2^tau23 vector 
by deletion ol the Ndel-PstI fragment and replacing it with a chemically synthesized hexamer STATGCAS". After reli- 
gation the Ndel endonuclease site was resio ed and Petl site was damaged. 

po43] Constructs KIT and Kt 2 were ma: e tjy a combination ot fragments derived from the htau23 and htau24 
genes. K11 is a leu derivative containing 4 ref oats and consists Of 1 52 amino acids (Q244-Y394 plus start methionine). 
K1 2 is a tau derfv$iive coniainhg 3 repeats 5nd consisis cA 121 arrdno acids (Q244-Y394 plus start methionine, but 
without the second repeal V275-S305, fitau43 numboring). 

Htau23 and htau40 are human tau isoforms i onsisting of 352 and 441 amino acids, respectivoly. 
[0044] KIT: The K17 tau cassotte (145 res dues) is a shorter derivative of K 16. It was made in two steps: First Kl6 
was constructed using PCR to engineer the htau24 gene. The 5* 'add on" of restriction sites on both ends of the 
amplified fragment was applied to taciBlate \Y e insertion of the PCR products rnio the cloning vector. The start primer 
(JB50) had the sequence GGCG ('G/G clan p"), tiie CATATG recognition site for the Ndel nuctease (containing the 
universal ATG start codon). •followed by codir g information for amino acids 519B-T205. The stop primer (JB51) had a 
•G/C damp" and the GGATCC recognition s© ^uence lor BamHI followed by a stop aniicodon and anticoding sequence 
forthe C terminal amino acids P354-E372.Th< i Kl6 tau cassette consists of 176 residues. 17S from htau40 (51 98-E372) 
plus a start methtonine. This fragment represi nts part of the assembly domain consisting ol 46 resklues between Si 98 
and the beginning of the first repeat following by the sequence of four repeats rmished al E372. In the second step, a 
BslXl-BslXI fragment from the newly constructed tau K1B cassette was exchanged against the simflar BslXl-BstX! 
fragment from the hiau23 gene containing onl ^ three repeats and causing the generation ot the tau cas-^sette Kl 7. Thus 
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nucleotides (30 to 60 nucleotides in length) 
cassette Into linearized pNG2/hlau23 veciof 



K17 represanls the analogous part of the pr >jection domain like Ki6 but missing the second tau repeat 
[004S] K3M (355 residues) is a chimera c snsis&ig d 145 residues from the amino temilnuB of bovine Tau4 (from 
the plasmid pETNae43-12, Himmlaret aL. Mol Cell Biol. 9 (1989), 13BV1388) and 190 residues trom cartjoxy part 
of human htau23 (from the plasmid pUCia/iitau23. Goederl el aL. 1998 ibid.), it a molecule wUh three repeats and 
two amino terminal inserts, consisttng of 29 residues each. IC3M was conslruclod by excilsion of Xmal-BcO fragment 
from pETNde42-12 and replacing il with ana ogous Xmal-Bcit fragment originated from the hiau23 gene. This manip* 
ulation removed 64 residues (Xmal-Xmal se jment from bTau4] and roplscod the 4 repeats cart>0Ky temiinus against 
three repeats caft>oxy terminus. 
[0046] K19 represents the three repeals dr htau23 and consiGts of 99 residues (Q244-E372. plus start methionine, 
without repeat 2). The K19 molecule was ccnstruded from K17 by replacing the 144 nt long Ndel-PstI fragment with 
the synthetic haxamer 5TATG0A3'. This m )dification retains the intact Ndei restriction site in the bBginning of the 
molecule and mmnves the PstI sito. 
[D047] Constnictfan of the D-mutant of htateS: In order to replace S 1 99 and S202 by D in htau23, a doubla stranded 



DMA cassette encoding the amino acids G1i i4-P21 9 was designed This DMA segment was assembled from 8 oligo- 



( ind contained Sfil and Xmal sticky ends. The insert ion of the assembled 
with removed native Sfil-Xmal fragment created the required gene. 



10048] Construction of htau23/A404: hiau5 3/A404 is a mutated htau23 molecule where Ser404 was roplacad by the 
Ala in order to remove this phosphorylation cite. For convenient manipulalion of the htau23 gene, an artificial Ncol 
f esificfion site in the poshlon 1 1 51 (htau40 nu nberfrig) was introduced. This mutation was done using PCR-SOE (spBc- 
ing by overlap exier^ion, Higuchi et al.. Nuc L Acids. Res. 1 6. (19BB), 7351 -7367). The new Ncol does not influence 
the amino acid sequence of tau protein. Foi the 'introduction of the Ala residue in the position 404 a synthetic DNA 
cassette was used, representing the 120 bp DNA fragment between Ned and Nhel restriction sites and encoding the 
amino acids His388-Thr427, This DNA ssgmc mt was assembled from 4 oligonucleotides (54 to 66 nucleotides in length) 
and contained Ncol and NhesI sticky ends. The insertion of the assembled cassette into the linearized pNG2/htai;23^col 
vector with removed rtative Ncol-Nhel fragn- enl created the hiau23/A404 gene. The mutation of Sef395 to Ala was 
created In s'imHar way liKe that In ihe posliior 404. 

[0049] K2 (204 residues) is a chimera cor sisling of 36 residues from the amino temiinus of bovine Tau4 and 16B 
residues trom the carboxy part of htau23; it i mains three repeals. K4'K7 are deletion mutants of htau23 containing 
only two repeals: K4 has repeats rto, i and 3 (270 residues, D345-A426 excised);. K5 has repeats No. 1 and 3 (310 
resiriuEs. D345-t386 excised); KS has rape; its f^. 3 and 4 (322 residues. T245-K274 excised); K7 has rEpcats No. 
1 and 4 (321 residues, V306-Q33fi excised); note thai repeat No. 2 is always absent In htau23. K13-K15 are deletbn 
mutants of iilau23 containing only one repe sit K13 has repeat No. 4 (291 residuoG. T24S033B excised); K14 has 
repeat No. 3(279 residues, T24S-S305 and D345-D3B7 excised); K15 has repeal No. l (278 residues. D345-D387 
excised). 

£xample 4 Determination of Alzheimer speci '\c epitope in the tau protein 



tau. 



[0050] A panel of antibodies against PHFs 
(AT8) was found thai was specific for PHF 
species. In the case of leu from Alzheimer pa 
lane 1). When the mixture of tau isoforms tron 
of phosphorylation, Fig. 1 a, lanes 2-5). 
the six individual human isoforms expressed 
that AT8 is indeed specittc for Alzheimer lau; 
PHFb. but not in normal tau. Moreover, there 
phoretic mobSity; it appears as if there was a; 
gel. 

[0051] In order to identify the kinaso(s) That 
sites, a kinase aciiviry from porcine brain 
expressed in E. coll were phosphorylated ai 
acid, a phosphatase inhibitor. Fig. 2a shows 
gel (upward shift) and shows a strong ij 
phosphorylation of tau by this Kinase activity 
are affected in a similar way the phosphoryla 
[0052] The strategy to identify said comrrx^ 
in Example 3 In order to narrow down the 
of Ihe mutants used, K19, K10, K17. and 
phorylated by the kinase activity and show an 



from Alzheimer brain was closely examined for their reactivity and one 
Fig. 1 shows the reactivity of the antibody ATfl against different tau 
red helical filaments (PHF) the antibody recognizes all isoforms (Rg. 1b, 
nornral bovine or human brain was tasted (known to be in a mixed slate 
reacfivjty with the ATB antibody (Fig. lb) was detected. The same is tnje for 
in E. coll (unphospt)otylaled. Fig. la cintJ 1b. lanes 6-11). It is concluded 
in particular, it reacts with a phocphoryfatod epitope that occurs only In 
s a correlation between the ATB react Ivity. phosphorylation, gnd eiectro- 
Alzheimer-like phosphorylation that caused an upward shift in the 5DS 



I sit 5, 
IK3!J^ 



yerc responsible for this behavior, and the corresponding phosphorylation 
was prepared as described In Example 2. The six human ieotorms 
icobrding to standard pncx:odyres with this activity in the presence ol okadaic 
t ^a\ each isoform changes considerably its electrophoretic mobility in the 
immur oreactivity with the ATB antibody (Fig. 2b). These results show that the 
s analogous to thai the Alzheimer stale. Moreover, since all isotomfts 
ion sitB(s) must be in a region common to all of them, 
region was to use fiist Ihe engineered mutants prepared as described 
, and then to deiemiine It by direct sequencing. Fig. 3 descn^bos some 
[see also Example 3). Except Tor K19. all of these rnutants are pfTOS- 
jpward M shift in the 5DS gel (Fig. 4a). K1 9 is a construct that comprises 
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just three repeals of 31 or 32 residues, it cJo ?8 nol become phosphoryiatecf by the kinase activliy and thereffore does 
not show an M, shift in ihe SDS gel {Fig. 4c) 

[0053] This means that the phoephorylatic n site(s) are outside the region of the repeats. Phosphorylation can lake 
place on either side o1 the repeats and lndut:es an upward shiu in the gel; the shift is larger for phosphorylation after 
the repeats. The antibody ATB recognizes nc ne of ihe unphcsphorylatod tornic (as expected); attar phosphory^ion it 
reacts only vyith the construct Kl7 (Fig. 4b. liine 6). noi wiih K10 nr K3M (Rg. db, lanes 4 and 8). in other words. K17 
retains the epitope, while K10 and K3M hav< lost it. By reference to Rg. 3 It is concluded that the epitope is not in the 
region of the pseudo-repeats nor in C-temniral tail where we found a CaM Kinase site previously (since K10 and K19 
are non-reactive), but rather it has to be between Si 98 and T220 (Rg. 3, peptide P)« i-B- in the regk»i following the 
mapr chymotryptic cleavage site (behind Y1 97) inihe "assembly" domain of tau. 

[00S4] Next a total tryptic digest of radioae lively labeled htBu34, an isoform with 4 internal repeals (Goedert et aL, 
1989, Ibid.) was carried out. The pepfides v\ ere isoJated by HPLC and sequenced. One of them was in the area of 
interest. S1 95-R209 (Fig. 5). This peptide cor itainod two phosphates at S1 99 and S202. Boih are followed by a proFine, 
suggesting that tho onzyme aciivc in the cxt act was a proltne-directed kinase. 

[0055] These results suggested that the p losphorylation sensitive ATB epitope might be in the vk;fn'ity of re^due 
200. This was tested by engineering a mutar t of htau22 (3 repeats, no N4emihal insert) where S199 and S202 were 
both changed to D. This choice was rnade in order to rule oul the phosphoryfation of these residues by a kinase, but 
also to mimick in part the "phosphorytetsd" state in lerms of negative charges. On SOS gels ihis muiant showed a 
small upward shift to higher M (Fig. 6, lane 4]. The immunobbis show that only the parent protein hlau23 roacied with 
the antibody atter phosphorylation (Rg. 6. iar e 5), but not the unphosphorylaied htau23 (as expeaed) nor the mutant, 
whether phosphorylated or not (lanes 7, B). 

[0056] rt is concluded that the epiiope of iCTB is in the region S1 99-8202 and depends on the phosphoTtation of 
these two serines. They can be phosphorylated by a prolina-directad kinase present in brain extract vrfiich turns the 
protein into an Alzheimer-like state. The regie n is pertccily conserved in all tau variants known solar and explains why 
ail of them respond to phosphorylation and \o the antibody In Uie same way. 

Examples Characterization of the protein Icir ase activity 



I 51)5 



[0057] Phosphorylation of tau proteins was 
for various t'imoG (up to 24 hourc) at SE^C wit(i 
5 mM EGTA. 1.5 ml^ PMSF. 2 mM ATP, 20 
aproLlnin), with or without 1 mM okadaic acid 
and centrifuged for 1 5 min at 1 5000 g al 4*0 
Na-PIPES pH 6-9. 1 EGTA. 1 mM GTP. 
[0D5B] Radioactivd labeling was done with 
15-30 Ci/mol ATP for auloradbgraphy on 
foftows: 1 M-g ot phosphorylated protein was 
counter in Cerenkov mcxis. The counter was 
Oerenkov mode). The con-ected counts weni 
specific activity of radioaclrve ATP used 
[(X)5d] A remarkable feature found for this 
(see Rg. 7a and Ba tor the case of htau23). 
a M„ s= 48 kD protein to a slower species, w 
one cots in which is finished around 6.10 
after that no more shift is observed. 
[OOBO] During the initial stage each band 
per molecule in the presence of OA at 30 min 
phosphorylation sites, one that is responsible 
the Mr (lower band). Tho lower band gradual y 
In other words, the upper band contains tau 
other site(s); whereas the tower band contain 
OA is seen mainly in the lower band, indlcatiijig 
considerations apply to the first stage of 
but a detailed analysis of c^ift sites and non-i 
two additional phosphates can be incorporat 
These values refers to the presence of OA; 
one finds 12-14 Pj. 

[0051] Sines the major shift occurs during thje 



carried out in the following way: Tau protein (0.5 rng/ml) was incubated 
The brain extract in 40 mM HEPES containbg 2 ml^fl MgClj. 1 mM DTT. 
ig/m) protease inhibitor mix (pepstatin, loupeptin, alpha-macroglobulin. 
After that 500 mM DTT were added, the solution was boiled for 10 min 
The supernatant was dia^yZ0d against reassembly buffer (RB, lOO.mM 
mM MgSO^. 1 mM DTT) and used lor binding studies. 
gamma-I32P]ATP (NEN Du Pont) at 10 nK^i/ml, 3000 Ci/mmol, diluted to 
gels. The phosphate incorporated into the prolem was quantified as 
atoiied to SDS gels, the bands were cut out and counted in the scintillation 
calibraied with known samples of ^P (detection efficiency about 50% in 
translated into moles of Pj per mole of tau on the basis of the known 
) phosphorylation. 

kinase is that it shifts the of all tau isoforms in three distinct stages 
the first two hours of phosphorylation the protein is converted from 
ih an M^ of about 52 kD, Upon completion of this firsi stage, a second 
hours (M^ = 54 kD), The thind stage takes about 24 hours (M^ = 56 kD). 



the tau doublet incorporates phosphate (e.g. at a level of about 0.5 Pj 
see Fig. 7b, lane 4). TTiis means tiiat there must be at least two distinct 
tor the shdt (ihe 'shift site", upper band), and one that has no effect on 
disappears, and at two hours each tau molecule contains about 2 Pj. 
nolecules in which the *shfft site" is phosphorylated, irrespective of the 
> only molecules where the shift site is not phosphorylated. The qAbcI of 
that the phosphatase operates mainly on the non-shift &itB(s). These 
phosphorylation; during the second and third stages there are further shifts, 
i hift sites is not possible because of the cveriap of bands. Overafl about 
?d in every stage, giving a maximum of 6 for htau23 and 7 tor hiau34. 
v^ithout it we usually find =1-2 P| less. Wlien the purified kinase is used. 

first stage, and since a large shift is considered a hallmark of Alzheimer 
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might induce an AJzheimer-iilce siala. This ms checkad by 
,s with AttheimGr-spacifc antibodies. F.g. Ba shows b simUar phos- 
ihiouohout) Fig. dt is the itnmunoblol with the monoclonal antibody 
pe in Alzheimer tangles (Stemberger et al.. ibid.) . The antibo^f rGc- 
atod by the kinase, but only ffom stage 2 oftwante- A similar betevor 
estedTheresulifnxn these studies is that the major phospho.ylat«x|- 

that generate ihe Abheimer-tike antibody recporise (stages 2, 3). 
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tratior^ using caHbralion curves and used in '^'^'^'^^^'Lodaio:^ constant IC, and the number n of bincfing 
^,thlu^pbospho.^P-.-^(sta,ea.-^^ 

=rh»rprjs^^^^ 
b^h-=r?rp^^^^^ 

(00661 -me analysis of ' Wt^P?P"^«^«"^ the repeat region, but rather flanK mat 

serines 202. 235. 404. and 2S2 Three of J ^^^^^^^^^ g^^^Hon-SP site in the tet repeal. Ii is in particular 
region in nearly symmetric posnions (Fig. 11) the «S2K) unexpected since L^e et al. (1991.lb5d.) 

Je-wormy that S39S was r^amongu^pho^o^^^^^^ 

had Shown that S396 (the center of a KSP rrt J^^^^^-horylatioh. concomitant with the irrmunore- 

must beoome phosphorybied during the secind or ih«J stages of phosptioryiaiio . 

acliuity (Fig. 8b). ^^„rHinn m standard orocodures to find out which site(s) were re- 

[00671 several point mutants were generated ac^jxr^^^^^^^^^ 

Usiblefortheinitial ^^^^^^^^l ^^^^^^^'^^^T^'^s that the phosphorylation ot ser404 ^- 

microtobule binding are more complw. The S '^^■'''^^}^^ j ^ ,^33 ,han the factor of 3 obson.ed wHh the 
90 min ot phosphorylation the ^^'^''^.'^'''^l^^^^^l.^^o^sUo for the loss of microtubule 
parent molecule. II S404 were the only resdue whose Pj^P'L^T^'j^^^,^ ^ ^^^^^ ^.^nsthat other lactors 



tao. ft was suspeded thai thg first siago phospb jrylailon 
immunobloning according to standard procedures 
phoryialion OTCperimenl as above (with lOjiM OA it 
6M134 vy^ich reacts wiih a phosphorylated eprto?© 
ognaes the baderialiy expressed tau phoGphory 
is lound with other Alzheimer-spodfic anlibobies 
dependent M, shift (stage 1 ) is dhstincl 1rom the - 

gxamoleS Tau protein in mferolubulo binding s! jdies. 

10062, Another point o, Merest wnh resped othe correlatton ^TT^^^S^^^^^^ '^^^ 
Ld Aizhaimer's disease was whether the P^^+°^'=|"" ^e of 1 mM GTP 

tested usingBmicrotubu.eb.ndinga^ay.Accot.^2^^^^^^^^ 
and20^ta.ol.Aner10mintau^tj«as«^d.dm^^^^^^^ 

suspensions were cenlrtfuged lor 35 ""n a^430 » 9f Jl^^^j^^^f" ^ ,„ mau 23 and mew 34 the 

mWl PIPES pH 6.9, t mM EGTA, 0.2 mM MgCI , S mM ^'"^^'Jfi 3,'^^ „ 4-C (this step sensed to 
pellets and supematants were t«ned |on 0 4 Zi^^^ SDS gis^ PeUets and 



„.«re the tubule component wh^ otnerw.. wou. ^^^^^^^^^^^^^^ fg^t^^fsta:: 
pernatantslcootain^etHeboundand^etr^ 

ylamidfi) and stained wlh Coomassre bnlliant iilue R250. ""^ , ^^in conceniiatJon 

scanner and evaluated on a PC 36aAT using tie P^^^ ^^g. SoSinX ware trLformod to concen- 
the OBI was always within the linear range (up to 1 .6 optical density). Ttio nionsn «. 
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a similar effect as thai of 404, i.e. only a partial 
phorylatjon sites intBiaci in a cooperatwe marmfef 
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reduction of binding. One possible explanation is thai ditferent phosr 
and ^nerate s new confirmation. 



Example 7 Tims course of phosphorylation as t Biornilned by stage specitic antibodies 



[0059] Neurofilament specific antibodies SMI$1 
SMI 33 againsi a non-phosphoryterted epiiope 
were used to detect stage specific phosphoryla! 
lane 1) but does not recognize PHF lau. oxcepl 
ol SMi33 is specifically blocked by some 
tau. SMi31 and SMI34 both read in a c 
t2d, lane 3), but nol when ri is dophosphorylaic d 
[0D70J. The testing ot the various antibodies 
activity during the second stage of phosphoiy la i 
10071] For antibody SMI31 no reaclivity is 
stage, but the reactivity appears gradually 
course « iound with antibody SMi34 (Fig. 13c 
comparison the blots wth ATB (Fig. I3f). a 
BioL 101 (1985). 1371-1379 are included) and 
to SMI31. S^A134, SI 1135, and SM1310. while T 
case U is the siage 2 phosphorylation that dele 
[0072] These experiments could be interpreu d 
a dephosphorylated or phosphorylated lomfi; t 
should t>fi pointed out however One is that the 
Unmunoreactivity (appearing in stage 2). Thus 
conversely the Alzheimer slate always shows a 
gel shift, phosphorylaibn, and immunor eactivit ^ 
[0073J IhQ major pbosphorylated motifs of 
phosphate acceptor: see e.g. Geislcr et at. F 
and another KSP motif is centered at S235. The 
in all tau isoforms. By analogy one may suspel^i 
thai were raised against neurofilaments. We 
smaller tau constnicis, and by direct sequencirHg 
[0074] Conslrucls KlO, Kl7, end K1 9 were 
and K17 show an shift, but not K19. Note 
this experiment, indicating that thoir 
there ore three phosphorylation siies in the 
one shm-lnducing site in the region before 
SMI34: the date on SMI35 and SM1310 are 
dephosphorylated stale, but nol with K10 and \ 
the repeats, between S1 99 and Q244. outside t 
vnlh an epHopo at the first KSP site. Antibody 
(Fig. 14). Using similar arguments as before, 
site. Finally, antibody SMI34 labels htau23, Kit 
the repeat region as an epitope, but ihe 
* inleipretations is that SMt34 has a conforma 
becomes fully stabilized only when at least 
case the same as thai of the Intact moieculB. 
[DOTS] Since it was suspected that the two 
directly. Radioactively labeled trypilc popttdec 
phorytated residues were determined. There 
1 (T231-K240, TPPMpPSSAK) contains the 
G AElVYKSpPWSGDTSpPR) contains \he s€ 
phoiylation sile Of CaM kinase described earl 
of htau 23 used earlier) Is not phosphorylalod by 
[0076] Next point mutants of the phosphc" 
o< gel shift and antibody reactivity (Fig. 1G) 
values, and they all shift by the same amouAt 



. 5IWII34, SMI35 and 51^11310 against a phosphorylaJed epitope and 
iBrnbergoretal.. Proc. NalL Acad. Sd. USA 82 (19B5). 4Z74.427B)] 
on of tau protein. SMI 33 recognizes normal human brain tau (Fig. 12. 
when it Is dephosphotylatod (lane 4). TOs suggests thet the epitope 
5n in the Alzheimer state which does not occur in nonnal brain 

(ashion to SMI33: Only PHF tau is recognized (Fig. 12c and 

(lane 4)» nor the nonral tau control (lane i). 
iring the time course of phosphorylation shows that SMI33 loses re- 
ion (see Rg. 7). 

>rved with the unphosphorylaied protein (timo 0) or during the first 
the second stage and remains throu^oul the third. A similar time 
and compare Fig. i2d, lane 3). SM135. and SMI310 (Rg. I3gti). For 
^iphorytation sensitive Alzheimer tangle antibody (Binder ei al.. J. Cell 
TAUi . an antibody against dephosphoryteted lau. ATB reacts similarly 
1 is similar to SMI33. The striking laature of the blots is that in each 
mines the antibody rocponse. 

d by assuming that the anlbodioe react with the same region of tau in 
ut this assumption is loo simple, as shown later Two other features 
largest gel shift (stage 1) is not the one that causas the Alzheimer -like 
not every gel shift d teu is diagnostic of the Alzheimer state, although 
gel shift. Secondly, there is a surprisingly precise relationship between 
f with several drtferent antibodies. 
n( urofilamenifi are repeated sequences of the type KSPV where S is the 
S Lett. 221 (1 997), 403-407. Tau has one such motif, centered at 5398. 
two KSP sites lio on either side of the repeat region and are consenrfed 
that these sites are involved in the reaction with the SMi antibodies 
this in thme ways, by mutating one or two of the serines, by making 
.y of iryptic peptides, 
etarr^ned before or after phosphorylation with the kinase (Fig. 14a). K10 
that KiO and K17 are only partly convened to the higher M, form in 
is less efftcienl. K10 shows three shifted bands, indicating that 

„al region. K17 shows only one shifted band so thai there is only 

repeats. Fig. I4b-d show ihe tinmunoblots with 5f^l33. SMI 31. and 
.jlar to Srill31 (not shown). Antibody SM133 reacts only with Kt7 in the 
u u ana n.1 9 {^9- 1 ^ »ane 3). This suggests that the epitope is tn a region before 
outside t IB sequences covered by the other constmcts. This would be consistent 
SMI 31 reacts with KlO in its phosphoryiated form, but nol Kl7 or K19 
lie epitope ib in the region T373-L441. consistent with the second KSP 
andKl7. but not K1 9 (Fig. 14c).-nie tetter property would argue against 
.Ining reaction vwth K10 and K17 would seem mutually exclusive. Our 
iorial epitope that depends on la'ilG on either side of the repeats and 
tail is present. However, the phosphorylation dependence is tn each 
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\ :SP motifs were phosphoryiated by the kinase, it was tried to prove this 
of htau34 were identifmd by HPLC and protein sequencing, and phos- 
ara tvra major phosphoryiated tryptic peptides in these regions; peptide 
lirst KSP motif, phosphoybted at S235, peptide 2 (T386-B40B. TDH- 
set end KSP site, phosphoiy laied at S396 and S404. S41 6, the single phos- 
Br (Steiner et al. EMBO J. 9 (1990). 3539-3544. S405 in the numbering 

the kinase used here. 
„^d residues 235 and 396 (Fig. 15) were made and analysed in terms 
le parent protein htau40 and its KAP mutants have neariy identical H 
attor phosphorylation (Fig. 16. lanes 1-8). The reactivity of SWII33 is 
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strongly reduced when 5235 is mutated to A (f1. 16, lanes 3. 7) and obliterated after phosphorylation (T.g. 16 lanes 
2. 4. fs). Tbte moans tt«t the epitope «I SMI3 J is around the Hrs. KSP site. I^"' ^^P^.^'^'^^^^:^^^^ 
an i;rtlu8nne as well (perhaps viaacoi,lonn8tkm.Thenu.tation«S^^ 

Khen S396 is mutated to Ale the antibody sliH Reacts in phosphorylalion dependent manner so th^ msserBie e nrt 
Z^Ste L-ThVeDttoDe by itself (Fio 15c. tiie 6). Mutation S4(W to Ala yieUs the same result However d both 

^S:^^r»o»e ,^Z^ coop.,,!. ««h Ihe rw^s » gcno«. l»e •P' °~ f^J"* "!"" ^ 
Exampla B 



45 



[0091) caMasmstiiai ™" » ™ t ,?^^??JS™S«9««) «.s pn-ro 

ltMW2] ronsmjctpn of T7R-2 and TBH-2. T7 -i ^ s a '^u » isdlorms KSoedert et al.). Por the 

U molecules ware c^n.^^^^^^^^ 

En9lneeringcrftheT7R-2andTBR-2moecuies KUM B^^^^^ ^oauence and the tau sequence behind them) and A3 
.arboxy pan ot the teu24 '^'^-'^ '^f ^^fe'^^^^^^^^ Snbinal Jo. Al and A2 Wt.h Ndo.-PstI 

(en^ding 3 repeats) -re preja^- TKa a^tttn^tf'sT; amL acids, the ttrst 311 N-ten^na. residues 
DNA Iragment tsolatsd from mau23. This lau t ^ ^ ,93 residues ot the C-terminus of 

of htau24 tMe,i^ys369. containing 4 rep^i=). onowJ t,y^^^^^ 

htau24 (GIn244.Leu44i. tour more repeats). ^« ^J^^^ ^^ne gen^ gSO N4em,inal residues ot htau23 

24 (gln244-Leu441 . containing 4 repeats. htat|40 number»>g). 
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Example 9 Conformation of lau proloin and higher order stmclures ihereof 
(a) Conformation and dhnerizstion of iau co ifttruets 



[00B3] 
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iSfOtofmc occurring in brain ranging trom tTtau23 



Fia 19 illusUBtes ihe types at construito used in this example. Three types of molecules were used: (i) tau 



t,„,„9 „. ..ou . , the smanast isotorm. 352 residues) »Mau40 (the largest 441 residue. 

swt5c»aeh et at). They differ mainly by the . iort4«r of irrtemal rapeate in Ihe C-torminal domain (3 or 4) and the 
numbBFoJ-inserts near the N-temiir>us (0. 1. or I). The iniamal repeats are involved in microtubule binding a"d jn the 
tormation ot paired helical filaments; atianiion wks ihen focused on the those constructs which woufcl presumably yield 
inloimation on the structure of the repeat regior^; fd) engineered constructs with an increased number of repeats, e. j 
seven or eltfrt 07. TB): pii) constmds contaNifg essentially the repeals only (e.g. K11 . K12). 
[0064] The SDS gels ol Fig. 20 ihwirata sor^e of those proteins. Most tau constructs have values larger than 
expected trom their actual mass (Rg. 20a). A ioteble toature is the twuiency to form diners and ohgomers. TIms is 
particularly pronounced wHh some constnwts.W example K12 (Fig. 20b). The formation oi dime.s can alreat^bo 
observed by letting the.fiKJtei.vsian*to.^4»iia Wpig. 20b, lane 2), presumably because the dmers become fixed 
by a dsuJiJe bridge; t!&bep5ii!H^J^« ^ To test this, ihe cross-linker ^0^;*"* P'J^^^J^, 
W<s cvsteines was u^^OTO^ generates eseei torihe same products as m the absence of OTT (lane 3). Chemra^ 
SSSTg foJ^struct Kt2 ?2-5 mg/m.) wa. carried out by h^cubation ^ 40 ml. HEPES pH 7.5 wl«. 0.5 mM DTT 
Sr^omin^ircard followed by reaction forJOmh at roomlemperature With 07 mMPDM(S^^ 
(Pierce) added from freshly prepared slock sol itions in DMSO. The reactons were quenched by 
DTT or 5 mM DTT and 5 mM ethanoiamhe. respectively Finally. dirMLandhteJJcr^^ 

by MBS, which links cysteines and lysines (lar,s 4). The cross-linK^ species can be ^P'^^''^ ^^^jT^^j^T't^ 
rk;5iF^12 commningrZOc^-SllgwiftO the study of a homogeneous population ot dimers. For this P"^"- 
covalently cross-linked dimers w^re separatedirom Ihe monomers by gel fihration on a Pharmacia Superose 12 FPLC 
^2,!^ and eluted with 50 mM T,is-HCl pH 7.6 containing 0.5 M NaSCN. 0.5 M UCI and 2 mM DTT 
SSTed^t a flow rale of 0.3 mlAnin. Column fractions were analysed by SDS-PAGE. pooled and concentrated by 
^Sulauon through centrteon 3 micmconce,^ rators (Amicon). The column was calibrated w«h the protein, from fh. 
?hXacB low molSilar weight qe. f.luatic« ca ibratto^ 

werJS. f rom the k.rs instruction manuel a, d partition coefficients (.) wr^determlr^ed ^^^^^ 

tiUed to an apualbn o( the form o = - A lo , r . B. y W^g the Stokes '^'J'^ '^^^^^^^^^^^^ 
diners. The axial -alios weiB cafculDtiKJ followir g Perrin (for lurther details, see Cantor & S*.m,el. B,ophys«^lchem 
iZ Part II- Tect^iques for the study ot bk*q cal structure and function. Freeman & Co, San Francisco. 1980) The 
etl^TrofilX 20d) VeWs StokL radii 2.5 nm for the monomer of K12. and 3.0 nm tor the dme. Gjven the 
ri^uirweigh s ot 13 and 26 kDal tt^is yield : axial ratios of 10 and B. consi^ent with ihe ^od^*e shape obsonred 
^ "e^ll mSl^^ (the equivalent length, of p«.late ellipsoids wouW bo 6.8 and 8.5 nm which undereshmates 

ro^^'S'iL" ireS^Sow s-ml^r cross- linking resuns, but they are somewha. more comp^ for the loHoi^ng 
S- T^^Jiteines only in n^peets 2 and 3 (residues Cys29l and Cys322)^ Repeat 2 is absent from sorne 
^s f^ exaS,le htau^or conslrtu^l Kl 2. leavmg only the tane Cys322. With Cys^^/s cr^kers such as 

iSmheTn^escaf^^^ 
' S>^^^Sne'%u*"^l^40. Kii)can ortnimramolecJST^ss-Rnks. dimers andluglmobgome^ Th.s 

lBiSTsStov^at.sfoundanercross-lnkngKn2withM8S(Fig.20b.fa^ 

Ssq ^Te confom«tion of several tau constoicts in solution was probed by analytical u«rac«,tr-u^ and CO 
™^Lco^ according to standard procedutt s. For example. htau40 had a sedimentation constant of 2.6S on the 
^^^..^^V^^^P^tir^i » Of the mass of htau40 (45.9 kDal) one would expect =4.25: the lower 

K12 (F-ig. 20e) were indistinguishabk : they showed very imie secondary rt^^^ 
N-tormlnal and G-temiinal domains of tau lack internal regularity such a o-helhc or p-sheet. 



SB ^-(l^^Syntheilc paired heliciil filaments. 

[0087] Tau isolated f "rbifl tJfaIrt tissutf laifsS 



0871 Tau isoiaieo uom ora- - assemble into fibrous strur:iures (see e.g. ^J^^f i° ^ * ^""^ 

. R^h«m 102 nS7)T4°S-142T I ichtenbe g-Kraag & Mandelkow. J. Stnict. BloL 105 (1990). 46-53). Th-s property 

^AfTeimer^s d«Le In the earlier studies He relationship Of the niaments formed jn Vjlfo to the Al2he««r PHFs 
^r^i^eT^bi^oTerpe^^ since the p Jein was heterogeneous. It was U^erelore desira^e^^PKj^ 
WnMU^S^ wei capable of seH-essUbty. This was tested in a variety of cond.,ons pH . ^" "utfer t^e. 
S&^^S's ^TteT^-anK^ cross-linked dimers were diaJyzed against various buflers (e.g. 
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= 50-500 mM MES. Tris-HCl. Tris-maleaie. pH ialues 5-9. 5-30 mM MgClj. CaCla. AlCy lor 12-24 hOUfB at 4'C. TtW 
50«utionwasbri8flycentri»ugBd(HafaeusBioIu(|OA. 1 min. 10,000 g) and the pellet was stored tor several days at 4rC 
and then processed tor nogatwe stain eiectfon mfcroscopy (2% uranyl acetaie or i% phospHotungstic ecW). Aherna- 
tiveV «>B solution was used for grid dialysis on gold oohrfeltowing \fen Bruggen et aL. J. Microsc. 1 41 (1 11-20 
Of the conslrucis tested only Kil and Ki2 yield ed^filaWients^sernbiing PHFs. The optimal conditions «ore 0^.5 M 
Tris-HCl and pH 5.0-5.5, and without any addilit .nahsaBSTrfie results obtained with constrwt Kl2 ere illustrated in F19. 
21 In the pH range ot S.0-S.5 there was extens V9 formation 01 tibments. Their length was variable, but typicailym Ae 
ranoB of 200-1 000 nm. Most appeared rather sn looth, others showed a regular variation of width, vnth axial Pe^^dicmes 
around 70-75 nm (arrowheads). The minimum Jtametor was atraul 8 nm and the maximum around 15 nm. Short rod- 
lito particles, about 80-150 nm in length were ko observed, which appeared to represent just one or iwo crossover 
periods of the filaments (Fig. 21. middle). It «m not possible to discern reliably any axial fine structure that migh 
indicate an arrangement ot protein subonits. TH is was theretore either below the resolution limit of negailye stajn. and/ 
or due to lack ol conHasi. In general Ihe filamer its tended to be bundled up in dusters, as if they had a ^'9^ atf^*/ •« 
one another (Rg. 21a). Similar PHF-IDce filamonts were also obtained with Ki2 dimers cfOBe-Bnked wrth PDM (Fig. 
?91 This suooestslhat the dimer might be an t itemiBdiale stage in filament assembly. 

rooBSi htoiy of these ieatu.es aresimV to th 350 ol paired helical filaments isolated from Atheimer-s d.se^ bra»is. 
L, J tor comparison h 23. Tfieir appe. ranca d^enr^ somewhat ^ '^V^IITjTS^^^^^ 
-,f«:oluble- filamonts prepared from neurofibril aty tangles after Wischik el al.. J. C^KBjol. iOO (1905^ 1905 19^ 
thesefilamentsare long, straight andhaveab^rnogeneousultmstructurecharacter^^ 
By contrast When the tilamenls are ■solubilized'bysarkosyllollowingGreenbBrg&l>a«iosProc,^^^^ 
83 f1 990) 5827-5831. they are shorter and les 5 homogeneous (Fi^ 23b). in particular. thB prepa.at.on .icludes very 
So?tScteT(equK«lert toaboul 1-2 c^sso. ,r periods), and smooth figments that donol have me iw,sied appear- 
EniscS of suaighl filaments). There s a slrHgDgaiflf rity between the synthetic PH^* based on the repeal 
SSS^JnTg 1^ K12. Klidime^. Rg- 21. 2Z)"«h th.(solub%lFs trom Alzheimer brains (Fig. 2Sb). judged by three 
Srent c^Seria; (i) The fitemante are shortor tfan theW.bl^ PHFs of Rg. 23a; m ihey are less homogeneous .n 
S^.iSr^?and«,me lacKthe twisted app^aranceanogethertstraig^ 

Bee particles, down to the langlholonBcrossamr period. ^,=>i.,>,„ 

Thusfar.^nt!jgtia£UEd*^^ 
Sialh^tfirr-e^MtdSSWijapoals. Fig. 19). but not iiSffnafgertau^^^ These data aro all consist^ 
^^^^S^^t:^^^^^^^^^ .r,ir5.-S.i^ii^seKVssemb.ing -into PHFs ve^T s«niter 
roThir^A«?e.n,er neuronbr^ary te^^^^^ 

the pmr«se-rasistani core of Alzheimer PHFs Jontaias the repeat reg«»i (e.g. Goedert et al.jbid Jakes et ai . EMBO 
J IO nT9lT^^2729). n waiaIsojQLed.4 the niament-fomilng construc ts were not p hosphoiylated so that this 
does not, in "contrast tolhegenuineAteheinjOTW^f^ 
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(c) Eloctron RilcroGcopy bT tau mononiBra i 



E nd dtmers. 



[0D9O] The resufts on the synthetic PHFb 
iween lau moleculas. It was therefore desirable 



I choice 



SO 



in the electron microscope. The melhod ol 
spraying; ihis rielps lo make the particles 
Spraying was don© toHowing Tyler & Branton. 
In spraying tuiftcf (50 mM Bmmonlum acetate 
glycerol and sprayed onto freshly cleaved mici 
platinum/cartoon (thickness about 1.5 nm, 
Tollowed by 20-30 nm carbon. Finally !ho 
mesh copper grids. 

[0091J Mntecules of htau23 (352 residues, 
summarized in Table 2 and Fig. 25). This valu ! 
1449-1 459. but this might be dun to dillerence; 
ol all isolomns vs. the smaHest isolomi). The ai 
and the contrast is low - much less than that ol 
Careful insp&ciion ot the micrographs reveals 
ameter (5-7 nm). sometimes split into two pahs 
mn). Those particles are interpreted as (near Ijf) 
results on cross-linked dimefs and antibody 
{00921 Clearly longer particles are obtained 
hlau23 (Fig. 24c. 25b). This construct contain* 



subgesied That the repeal region had a special role in the Interactjon be- 
to define their structure in more detail by comparing dHT erent constructs 
was metal shadowing al a very shaflow angle, combined with glycerol 
which othonwise would not be seen because of their tow. contrast. 
J Ultrasiruci. Res. 7l (1980). 95-102- The samples were dHuled 1:10 
8 0. 1 50 mM NaCl. 1 mM MgClj. 0.1 mM EGTA), made up to 70% 
The sprayed samples were vacuum dried Tor 2 hours, shadowed with 
Bhaldowing angle 4») using a BAE OBOT shadowing unit (Batzers Union), 
were floated off on doubly dteiilled water and pirrWed up with 600 



replcas 

-ig 24a) are rod-like and have a mean length of 35 ± 7 nm (lengths 
. is less than that reported by Hirokawa et al.. J. Cell Biol. 107 (igB8). 
in the experimental approarfi (freezing vs. glycerol spraying; a mixture 
parent width of the metal stedowad mau23 molef:utes is about 3-5 nm, 
control samples (single and double stranded DNA. a-^elical proteins), 
a poputalion of particles with enhanced contrast, somewhat larger dl- 
^ and longihs eimiiar or slighily mora than the monomer (around 40 
juJrtapoGod monomers forming dimers (Fig. 24b). consistent with the 
dicoralion shown later, 
with the conslmct T8FI-1 which average 58 ± 1 5 nm. 23 nm more than 
eight repeats (a duplication of the lour basic ones. Fig. 1 9). that is five 
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rspesls more lhan hlBu23, plus The two 2d 
even though it lacks the N-terminal inserts, 
has only seven repeats (^+4) and no N-terminai 
larger constructs t>ccomc tonger, but on the 
pating the results below, the contradiction can 
is determined mainl/ by the repeat region; by 
[0093] N-tenninal dom^ and the 
sidered a unit, roughly 20-25 nm long, 
impfies that the N-iermlnal inserts have only a 
repeals have roughly the same length (e g " 
nm in Icnglh (as in htau23 vs. T7R or T8R). 
[f3D94] ran and other constructs also form 
repeats each in this case) could interact; this 
data described intra. TBH particles were also 
(Fig.24e). 

[Q09S] As in the previous cases, the repeat 
jj85cribed-above-{l^g^6).^B.rQd;liKCW^^^ 
Kll displays a population of low contj^t 
more contiasly dimers. about 32 ± 6 nm (Fig 
of their length. Pof Kl2, monomers of length 25 
The monomers have about 70-75% o! the lengtl i 
e). With both constructs, longer particles are 
[0096] Thus far the classification Imo maionj^ers 
part'tclss to mocte! slruciur es. However, it is 
and study them directly by oloctrOn microscop|f 
PDM via ihe single Cys322 (Fig-.27a) are 
described above: but more Importantly, they arc 
g). This means [hat the PDM dimers ore lomiec 
dimers Of K1 2 induced by MQS (34 ± 6 nm) are 
than those obtained with PDM, probably 
[0D97] Taken together, the results obtEuned 
domain) are consistent with the hypothesis tha' 
pendently of whether it contains 3 of 4 repeats. 
[0098] For all constructs tested, the glycerol 
In most cases, they are rather unitorm in diameter, 
may result from a distinct pathway of colf-assei nbly. 

(d) AnlipBraDet aJtgnmant of dtmors 



meflinserts near the N-ierminus. TBfV2 has a similar length (61 ± 17 nm), 
T7H-2 also has a similar length ol 60 ± 16 nm. even though it 
inserts. At first sight these resuUs appear puzzling: On the one hand, 
hand certain pans of the sequence do not affect the length. Antid- 
explained by a unifying hypothesis: The length dt the lau constructs 
cbmparison, the 

C4ernunal tail are only of minor intluenco. The repeat region itself must be con- 
whoseler gth Is approximately independent of the second repeal The hypothesis 
minor influence on the lenglh. Il precficis that constructs with 3 or « 
T7R vs. T8R), and that the addition of one repeal domain addfi about 20-25 



fjarticles folded into a hairpin (Fig. 24d), as if the two 'units' {of four 
suggectivo of an antiparailel arrangement, supporting the antibody 
obsen/ed whose width and contrast indicate dimers similar to hiau23 

dt>main consmjctsihat form the PHF-like fibers fonmed by Kii andJCj^-^ 
criteria oflFuclcness orcbntrai&t'and thexompSrisdnwitfi'TKe cfi mers. 



» sho vn. 



f bocaui e 



[0099] It is clear from the above data thai ta J 
queslion of polarity: Are the particles parallel or 



wtih a mean length of 26 ± 5 nm (Fig, 26a). and a population of 
ieb). This means that the two molecules must be juxtaposed for most 
1 4 nm, (Rg. 26d). and d'imorG of about 30 ± 4 nm (Fig. 26b) are foiffid. 
of htau23. although Ihey contain only a Third of the residues (Fig. 25c, 
j which are interpreted as diners associaled into tetramore (Rg. 26c, f), 
and dimers was judged by relating the width and contrast of the 
le to isolate the covalently cross-linked dimers by gel chromatography 
and other methods. As an example, dimers of K12 cross-linked by 
In the electron microscope, iheir contrast is similar to the dimers 
only slightly longer than the monomers (29 ±6 nm Rg. Z7a, Fig. 25e. 
by two molecules lying next to one another and nearly in register. The 
also similar, except that ihey tend to bo somewhat longer (by = 5 nrn) 
a greater variety of Cys-Lys bonds are possible (Fig. 27b. Fig. 25h). 
KII and K^2 (and other constructs containing essentially the repeat 
the repeat domain forms a folding unit of rather uniform lenglh, inde- 



wiih 



I ;pray sxperimEnts show a certain tendency to form fibrous structures. 
. they siiow no obvious relationship to paired hel'rcal filaments and 



and its constmcis tend to align laterally into dimers. This raised the 
quesuon o) pu,c*r uy. ^ y^. ^ antiparadef? Rfst indications came from the hairpin fold obsen/ed with 

the 8-repeal constructs (e.g. Fig. 24d) . suggeEting antiparailel orientations of the two halves. Dreci evidence for this 
was obtained by labeling with the monoclonal £ nlibody 2^ whose epHope is on the last repeat and therefore close to 
the C-terminus in lenrus of The sequence (Dingus et aL, J. Biol. Chem. 2fi6 (l 99i). ^ BB54.18850). Rg. 28a (left) shows 
particles of htau23 with one antibody molecule I )ound. The antibodies bind at or near one end. showing thai one of the 
physical ends of the rod coincides roughly witi' the C-terminus. The lengths of the rod portions shown are similar io 
those ol unlabeled hlau23; in terms of appaienl width, they could be monomers or dimers. in the same fields, one also 
finds doubly labeled particles (Fig. 28a, ri^l). Fhe antibodies bind at opposite ends, proving that the two subunlis o1 
a dimer have opposite polarities. 

[0100] The same features are found with consfrud K12; rodlike stubs with an antibody at one end (Fig. 28b, left); 
dumb-bens. i.e. anTiparaHel dimers (Fig. 2Bb. r middle). Finally, there are particles wiih two antibodies and hvo stubs, 
with a kinK in the middle (pairs of "cherries/ Fi\ \. 2Bb. right). Each of the arms has roughly the lengih of a unit stub so 
that the particles appear equivalent to Ihe tetrer lers ol Fig. 26c and f. The interaction between the dimers at the center 
appears to prevent the binding of an antibody ^rfhich could otheiwise be expected there. 

roiOl] PDM dimers of construct Kl2 (fom^eiJ by Cys322-Cys322 crosslinks) are shown in Fig. 28c. Partfcles with 
one antibody label are on the left, doubly iebe ed ones In the middle, showing that the chemically cross rinkeddim er 
consists of anilpaiallofjnonomer. A presumptive letramer is on the right. Essentia! lynh'rsamrdgtfi"Sr^ 
f^BS crossKnkod dimers (Cys322 to nearby Lyi f, Fig. 28d). 
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[01 07| Basod on ths knowiodge described id this 
Atzheimer paired helical filaments as for Testing drugs efTeciive 
irner palrcKi hefical filaments may be developst L 



Example 10 Effect of glycogen synthase kinasi ^3 (GSK-3) and cdk2-cyQiin A on phosporytatton of the lau proton. 



[0103] BcperimentG descnbed 'm Examples 
activating factor Vfeindenheede et a!., J. Bio 
[0104] GSK3 (a and p isoforms) were purifie j 
addjllonal Mono S chromatography step whicT 
done with immunoprocipiratee of G5K-a on 
comrd experiments with the P subunlls snowe^ 
[0105] Polyctonal anti-peptKie aniibodies to 
on peptide columns. Immunopfocipitates of 

1 mM PMSR 2 jig/ml apnDlbiin. 1 jig/ml leupepifn 
of a- or p-GSK antibodies (1 mg/ml) or control 
beads were added and incubarted lor another 
Tris-HCI. 0.5 M LiCI in Tris bufler, and 20 mM 
assays. 2 of pellets were incijbated with B pi 

2 mM EGTA, 0.5 mM DTT and 1 mM PMSF. 



is Example, in vllro methods for tasting drugs eflectivQ in dissolving 
m the reduction or prevention of the formetiorl-oWUiJf^ 
as is dsscribed above . \ J 



ard 5 were rapsatod usirrg 6SK3 (also referred to as phosphatase 
Chem. 255 11980}, 11769-11V74) as the pho^horylating enzyme, 
from bovine brain as described in Vfewidenheeda at al., Ibid., with an 
copaiatos the two isoforms. f^st experiments described here were 
beads (following Van Lint ei al. Analyt Biochem. 1 993. in press), but 
the same behavior, 
a and p isofomis of GSK3 were raised in rabbits and affinity purified 
_ were prepared from PC-1 2 cylosols in 20 mM TrIs-HCl. l % 
. and 0.2 pg/mi pepsiaiki. 100 pJ of cytosold were ncutiated with 1 pi 
rabbit antibodies and incubated for 4 h at A*C. 5 pJ of TSK-protein A 
\ our. and finally the beads were washed with 10 mg/hil BSA in 20 mM 
rtepes pH 7.2 with to mM MgCig and 1 mM DTT. in phosphorylation 
)t substrate (3 pM) in 40 mM Hopes pH 7.2, 10 mM MgClg. 2 mM ATP. 



the 
[GS<3 



(a) Time coure© of phosphorylation and ant body response induced by 6SK3 

[OiOq Fig. 29 shows a time course o1 phospl >orylation of hlauAO with GSK3. and tho corresponding autoradiogram 
and immonoblots. in most respects the behavio ' is similar to that obtained with the brain kinase acitvity or with purified 
r^flAP kinase. Phosphoiylation induces a gel shi i in three main stages; it incorporates ^ Pj', it induces tfie reactivity of 
antibodies AT8. SMI34. and SM131 , bui reduces the reactlWiy of TAU1 and SMI33. 

(b) Phosphorylaltloii sites of GSK3 on teu 

[OIQTJ The main phosphorylation sitas can be dslBm^ined from anlibcxJy epitopes and point mutants (Rg. 29^ TAU1 
requires thai both Sen 99 and Ser202 are unphi wphorytated, AT8 requires ihem both phosphorylated. Thus when only 
one of the two serines b phosphorylated ihcs s antibocfies do not react. This means that Ser199 and S0r2O2 both 
become phosphoryteiad during stage 2 (Fig. 2!!. panels 3.4). Similarly, antibody SMI31 requires the phosphoiylation 
of both Ser396 and Sar404. which means thai both serines become phosphorylated rapidly during stage 1 (Fig. 29. 
panel 6). 5M133 reacts only when 5er235 is uuphosphorylaled so that the gradual loss of reactivity means that this 
residue becomes phosphorylated only slowty ( janel 7). Together these residues would account tor 5 Pi. but only ^ 
Pi were obson^ed by autoradiography, Indicating that not all of these serines are phospho/ytated at 100%. TTiere are 
some subtle differences in the lime course of Inmune response, compared to MAP kinase. For example, the SM131 
reaciivfly sets in early and precedes that of AT3 and SMI34. while the reactivity of SMI33 porsBis for a longer time, 
indicating that the mode of action ol GSK3 is nit identical to that of MAP kinase. 

[0106] Additional inforn^tJon can be obtained by poim mutations. As shown in Examples 5 and 6. the filial strong 
mobflhy shift induced by the kinase activiiy trohn brain extracts and by MAP kinase Is due to the phosphorylation of 
Ser404. THe same is true for GSK3. es illustra ed in Rg. 30 (lanes 1-3). When Ser404 is mutated into Ala. the iniual 
rapid shift disappears, and initial phosphorylalli>n is reduced to a low level (Fig. 30. compare Janes 2 and 5). 
[0109] Another conclusion \Tom the immunol .lots is that GSK3 strongly pief ens Ser-Pro motifs, in conlrasl to MAP 

- - s since the =>4 Pi incorporated are needed to account for the phosphor- 

s prepared, a derivative of htau23 whore all 6 Ser-Pro are replaced with 
«^-r-,uir.y.o..n„^..;.^ « ^, ... ,.a Bd Only to a minimal Dxtsnt. <0.1 Pi per molecule, confirming that the 
Thr-Pro motifs remain largely unphosphorylated. The same result is obtained with construct AP17 (all S Ser-Pro and 
8 Thr-Pfo replaced by Ala-Pro. Rg. 31. ic^). An Dlher construct. K1 8 containing only the four repeats (Rg. 31 . bottom), 
is also not phosphorylated. indicating that no major sites ore within the microtubule binding region. Thus, GSK3 and 
MAP kinase aresimilaf in that they areboth proli letfirected. but MAP kinase is also active with respect to Thr-Pro motifs. 

SS (c) GSK3 and WAP Wnooe ore associated wl th microtubules and with PHF« 



kinase which also affects Thr-Pro. This follows 
ylatod epitopes. To lest this construct APlI was 
Ala-Pro (Rg. 31, middle). APlI is phosphoryla 



[01101 Considering that lau is a 
tau might be localized in the vicinity It was 



microtubule-pssociatod protein one might expect that kinases that phosphorylate 
therefore tested whether MAP kinase or GSK3 were microtubute-associaled 
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proto)ns according to the- usual criterium of co-p 
was indaed The case. Fig. 32b shows that both 
m'tcfoiubulos, Fig. 32c,d dBmonstratBs the same 
MAP kinase was not in ^ aclrvalsd stata since 
shown). 

[01 11 ] Coneidsring this result, il was of interest 
imer PHFs. The immunoWots of Fig. 
equivalBnl amounts and thus resernbles MAP 
isolated by two difforenl procedures, following 
and Wolozin ei aL Science 232 (1986). 648- 
The fact that GSK3 is associated with mic^otub]|^ies 
might bs able lo affect the interaction between 
about the pathological effects of tan phosphory 
Fig. 34 shows the binding of htau23 to 
the kinase acthrity of the brain exiract In the 
itself is minimal. 



jrificaTion through repeated circles df assembly and disassembly. This 
p42 and p44 isotorms of MAP Vanase co-purified with porcine brain 
[or The case oF GSK3 a and B. Interestingly, the microtubulB-associatad 
t[ was not prf^osphorylatod on Tyr (as judged by Immunabbtting, not 



.33a demonstrate 

kii as9 i 



I nvcrotut uies 



to investigate whether the Kinases were also associated with Alzhe- 
that GSK3 is present in norrral and in Alzheimer brain in roughly 
in this respocL Moreover, the kinases co-purify directly with PHFs 
' Vicchik et aL, J. Cell. Biol. 100 (1995), 1905-1912 (Fig. 33b. lane 1) 
(lane 2). 

and PHFs and phocphorylatos tau would suggest that the kinase 
tab and microiubules. This would be in agreement with a common notion 
lation. Surprisingly, however, there was no influence on the bind'mg. 
without phosphorylation, wth phosphorylation by GSK3, and by 
there rs a strong reduction in atfinrty. but the effect of GSKd 



latter 



(d) Phosphorylation of tau by cdk2-cyclln A 

101 1 2] The protein kinase cdk2-cyclin A (a pn line-directed serAhr kinase: see Hunter, ibid.) induces the Abheimer- 
liKe stale, as judged by phosphorylation, gel si ift and antibody response. The kinase cdk2 incorporaled 3.5 Pi into 
htau40 arid generated a similar shift in Ihe gelas ZAP kinase and GSK.3. The antibodies AT^. 81^131 , SM W recognize 
the phosphorylated tau, TAU-i and SM133 do nc t, again similar to MAP kinase and GSK-3. All ser-pro motifs (Ser 1 99, 
2Q2» 235, 396, 405, 422) can be phosphorylated lo some extent; see Fig. AS. 
[01131 The prepar^ion wasastoltows; Cells c verproducing the cdk2/cyciin A complex were obtained by Dr. Piwnica 
Worms, Boston. 

[011 4] Cyclin A was fused to glulalhianB-G-trar sferase. Thus, the complex is easily purified using glutathione agarose 
beads as outlined be tow: 



30 Kinase Assays on Glutathione Beads: 



ho irs J 



[01 1 5] 3x10^ cells were inf ecied with virvse! ; 
S-transferase) each ai an m.o.i. of 10. At 40 
plate ai -70°C. (Celts are kept frozen until 

Preparatfon df Cell LysalBs: 



encoding human p33P^ and human cyclin A (fused to giutathione- 
posl infection, cells were rinsed (2x) in PBS. Cells were frozen on 
expsHments are carried out.) 



[Oliq Lyse cells in 1 ml of lha following bufle 

50 mM Tris pH 7.4 
250 mM NaCl 
SOmMNaF 
10 mM NaPR 
0.1%NP40 
10% glycerol 

proiease Inhibitors (0.15 units/mi aprotrnln. 

[0117] Plates were rocked tor 15 mm at 4*C, 
10 min at 4"C. Clarified iysatos wore placsd in 

Glutaihksne Precipilatk>n 



[0118] 100 \t\ (50% slurry of agarose in PBS) 
nxked = 1 hour at 4°C and were spun briefly tc 
SS Beads were washed two times in 1 ml of ahovt i 
mM Tris pH 7.4. 10 mM MgCy. As much butts 



2 mM PMSF, 20 ^M leupeptin) 

ysales were collected, placed in Eppondorl lube and spun at 10K for 
resh Eppendorf tube. 



)f glutathione agarose (from Sigma) were added to the clarified tysate. 
pellet beads. 

lysis buffer and washed two times with incomplete kinase buffer (50 
as possible was removed from the beads atter the final wash. 
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Por Kinase assays: 

[0119] Exogenous substrate ivas added and ^en complete kinase buffer was added: 
50 mM Tris, pH 7.4 
TmMDT 



10 )iM unlabeled ATP 

2 ^li of gamma.^P-labBllQd ATP {NEN: 



300} 



and incubated at 3D'C for the desired amourw c 



Ci/mM) 
f lime. 



Example 11 Phosphorylaiion ot Ser 262 of tau p|ro(etn by a novel kinase and effect thereof on binding to microtubutes 
by lau proteine 



pH"i 



[01 20] So fa/ it has been shown that the 
Thr-Pfo moiifs. and that this slate can be m 
by ihe response with Alrhaimsr-speciTic 
tau's binding 10 mk^rolubules occurs at Ser2S2, 
kinase. A novel kinase from mammalian brain 
interaction between microtubules and tau protei 
[0121] Binding studies between tau and 
provides a direct measure of the aitachrrtent of 
bifKfing etoichiometries (n = taUbount/tubulin 
ducible paraneier. The drop In siolchiometry m 
is taken as 1CX)% and can be compared to the 
[0122] Preparaiton of the kinase from brain: Ar 
to ammonitim sulfate precipitation as descn'bed 
was homogenized in buffer 1 (25 mM Tris-HCI 
and dialyzed against 1 liter of this buffer with 
the PiercB BCA a&say kit After clarincalion ol 
were Icj^dad on a Mono OHR 10/10 column 
gradient of 25-500 mM NaCl m 120 mi of buffer 
ylation of bacteriaHy expressed tau and lau 
10 to 40-fold by cantrrfugation through Cenlriprejp 
dex 75 HiLoad 16/60 size exclusion column 
Active tractions were pooled and rechrormtogri 
in 30 ml of buffer 1 with a flow rate of 0.5 ml/m 
The gel rdtmtron column was calibrated witti the 
fomiad as described (Sleiner et al.. 1990. ibid,) 
[01 23] !n-gel assays of tau phosphorylation 
MonoQ-lractions with Kinase activity were sL^j 
added to the separation gel solution just prior 
were then perfonned: (1)To remove SDS» the 
HCI pH 8.0 for 30 min at room temperature, thor 
A) for another 30 min ai RT (2) The enzyme 
temperature (RT). (3) The enzyme was renaiureti 
at (4) PrB-incubalion with phosphorylation t 
3 mM nyigCI. 0.1 mf^ PMSF. 2 mM DTT). (5) Pho 
was performed by incubation of the gel in a plesl 
(9amma-32}ATP: The gel was washed by ii 
umpyrophosphate until unbound racfioactivity 
to conventionat mathods. 



(a) Phosphorylation of 5erl262 strongly redui tes the binding of tou to microtubules 



[0124] As shown in Example 6. wheri tau prol 
ometry typically dropped Inxn i=0.5 tau per tubu 



Al2h< ;imer-like State of tau protein Includes phosphorylation of Ser-Pro and 
imiiked by a brain exU'act kinase activity and by MAP kinase, as judged 
; aniibo iias. /Vs will be demonstrated k\ the following, a crucial regulation of 
a residue phosphorylated by the brain extract activity but not by MAP 
which phosphorylates this residue Bnd thereby strongly reduces ^e 
has furthermore been puriried. 
taxol-slabifiied micrutubules ware done as described in Exarnple 6 . This 
lau to pre-fomied microtubules and yields dissociation constants and 
1 dimar), the reduction in stoichiomalry is the most conspicuous and repro- 
a wild type lau isotorm upon phosphorylation. O^^yfi^ (f^wfAwA^phoalwf 
< ffect of phosphorylation on a mutant. D,^bl 
extract from 250 g oT porcine brain tissue was prepared and submitted 
Example 2. The precipitate obtained between 30 and 46% saturation 
7.4 containing 25 rnM NaCi, 2 mM EGTA. 2 mM DTT. 1 mM PMSF) 
twcj changes overnight. Total protein concentration was determined using 
dialysato by ultracemrif ugation. portions of up to 250 mg of protein 
(Phdrmacia) equilibrated with buffer 1 . Elution was performed with a linear 
1 with a flow rate of 2 ml/m"ffi. Pfadlons were screened by phosphor- 
constructs ae described below. Mxvb peaks were pooled and concentrated 
10 rracroconcentrators (Amicon) and chromatographed on a Super- 
(Pharmacia) equilibratod and eluted with buffer 1 containing 50 mM NeCl. 
iphed on a Mono Q HR 5/5 column with a gradient of O^OO mM NaCI 
n. /Vclivo fractions were diaiyzed against buffer 1 and stored at 0"C. 
Pharmacia k7w weight marker set. Phosphorylatksn assays were per- 

wdre done foltowing Geahlon etal.. AnaL Biochem. 153 (1 986). 15V15fl. 
5cted to 11% SDS PAGE (0.5 mm thick slab gels). Tau protein was 
polymerisation (final concomration 0.1 mgAnl). The lollowing steps 
^els were washed with two changes of 20% propanol in 50 mM Tris- 
50 mM Tris-HCl pH 8.0 containing 5 mM p-mercaptoeihanol (= buffer 
i denatured by two changes of 6 M guanldine-HCI lor l hour at room 
by frve changes of buffer A containing 0.04% Tween 40 Tor =r1 5 hours 
uffer without ATP tor 30 min at RT (40 mM Hepes pH 7.5. 5 mM EGTA, 
iphorylation with added 0.1 mM ATP and 1 30 Ci/Mol (gamma-32}ATP 
c bag at 37''C tor 20 hours on a rotating wheel. (6) Removal of excess 
in five changes of 300-500 ml of 57* TCA containirig 1% sodi- 
negfigible. (7) Staining and autoradiography were done according 



incut ation 



was 



ein is phosphorylated by the brain extract kinase activity, the stoichi- 
in dtmer down lo ^^0.1-0.15, i.e. about 3-4-!old; this effea on the wild 
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net 



type protein wllf b© taken as 100% in this 
courses. A mapr part of fri9 gef shrft occurs 
single sIlD, Sor 404 (numbering ot hiau40) 
shift, sets in during stage 2 (up to =6 hours); 
during stage three (up to 24 hours). However. 
A1 rhis point. Oie protein t»und about two mole^ 
identifiable by the first gel shift The other pht 
ficatlon by autoradiograpghy arid phosphopept 
[0125] It was therefore decided to approach 
were replaced by Ala (making Ihem non-pho^h{jryli 
state; see Fig. 35a). These mutants were ihen 
tubule binding (Fig. 35b). The mulant Sar404 
of this protein etilf has a sizable affect in reducing 
0.17, Lo. 52% of the unmulaled controf wrtth D, 
and 262 are responsfble lor a major traction of the 
Ser202. 235. and 395 ara mutated into Ala or 
chiometry aftor phosphorylation abservgd with 
micforubules was nearly unaffected by phospho ylai 
5er262 in the first repeat, nearly eliminates 
versely, phocphorylatlon of Ser262 reduces the 



IDS phate 



wet 



i-Ala 



io. The parameters affected by phosphorylation have distinct Time 
(stage 1 phosphorylalion. up lo ~2 hours) and can be ascribed to a 
of the Alzheimor-like antibody response, as well as an additionaJ gel 
further shift combined with more incorporation dt phosphate occurs 
effect on micfoiubule binding was afready fully visible after stage 1 . 
of Pj (out of a maximum of =5-6), About one of these was at Ser404. 
9 was dislnbuted among Ser202, 235. and 252. but exact quanti- 
ds sequencing was difficult, 
problem by sile-directed mutagenesis. The Ser residues in question 
lataWe)or Asp (mimicking the nogaiivo charge of Iho phosphorylatod 
assayed with respect to gel shift, phosphate incorporatbn. and mfcro- 
loses its shift during stage 1 phosphorylation, but thg phosphorylation 
the microtubule binding capacity (difference in stoichrometry D^=i 
0.33). This suggests that one or mora of the ronnaining Sor202, 235, 
phosphorylation effect on binding. Similar results are obtained when 
^p. indicating that neither of these residues accounts lor tha low stol- 
wild type hiau2a However, when 5gt262 was aUarot^, the binding to 
ition (D„ = 0.04). In other words, it appears.that mutating one residua, 
the phosphorylation ssnshivity of tau towards mfcrotubule binding; or con- 
binding ot tau to mk:rotubu1es dramaticaily. 



(b) lUAP klnfide Induces the Alzheimer-like I nmune response oT tau but does ncrt impair mleroiubule binding 

[012Cq The binding data in section (e) were o stained With a brain extract, but most of the properties oJ ewract phos- 
phorylation could be induced by purifiod MAP K nase from Xenopus oocytes or porcrne brain. Extract and MAP kinase 
induce a gel ^ifl, they have a srmilar time coi rrse of phosphorylation, and both induce a similar pattern of antibody 

-flKeVesponse in stage 2 phosphorylalion). The maiority of sites found 
jhri are phosphorylatod by MAP kinase as well, plus Thr-Pro motifs, i.e. 
purified MAP kinase is mora efficient as a Pro-< lirected Ser/Thr kinase lhan the brain extract. Finally. MAP kinase is a 
major phosphorylating component in the brain extracts. 

[0127] However, when the effect of highly pu ified MAP kinase on tau*5 miea-olubule binding was tested it turned out 
to be surprialngty smaD {0„ = 0.09) compared v ith the brain extract (□„ = 0.31 in Rg. 36). Thie was consistent with the 
above experiments, suggesting that phosphory lation of Ser-Pro or Thr-Pro motifs by iteelf was only of s9condary im- 
portance with rasped to microtubule binding. 

[0128] This was ifisied by employing two loaJ' mutants. API/ and AP1B derived from htau23 (Fig. 37a). API B is 
similar to API 7, but in addition SQr262 and 35€ (the two serines not followed by Pro found earlier in extract phospho- 
rylatkjns) were changed into Ala. While MAP k nase phosphorylates all Ser-Pro and Thr-Pro sites ot wild type htau23 
(lypksilly Up to a maximum of 10-12 moloc of per htau23), AP17 incorporates at most 1.4 P|, illustrafing Ihe high 
specificity ot MAP kinase for Ser-Prp or Thr-Prc motifs, API 7 binds lightly to microtubules, independently of phospho- 
rylation by MAP kinase, with similar parameter! as unphosphorylaled wild typo htau23. The same resultG are obtainod 
with API B and MAP kinase {<^ Pj incorporaioc). 

[0129] However, vs^en AP17 and APiO are [JhoBpharylated wilh the brain axlracl activity the two mutants are dra- 
matically different (Fig, 37b). APT8 incorpomie J about 0.5 Pj and shows only a minor reducibn of the stoichiomstry of 
tau bound to microtubules upon phosphorylatitMi (0^ = 0.01). API 7 incorporates 1.3 Pj, and yet Its reduction of the 
binding of lau to microtubules upon phosphory ation is the same as that of wild type htau23 CD„ s 0.31 ). 
[0130] These results made it clear that the b: ain extract apparently contains some phosphorylating component dis- 
tinct from MAP kinase which phosphorylates S er2$2 in the first repeat of tau protein, and that this single Ser, when 
phosphorylated, is capable of dramaticaJty altering the inieraciion ot lau with microtubules. By contrast, MAP kinase 
affects the other indicators of the Alzheimer sU te of tau, the gel shift and the immune response. 



{c) The 35 kDal and 70 kDal klnnses In brafr 



reduces microtubule binding by phosphory latlng Ser 262 



[0131] The sequence around Ser 262 does n 3t fit obvbus consenBus motifs of known kinases so that it did not seen 
prxjmising lo test Ihem. Instead, the kinase wa j purified from ihe brain extract. Aclivo fractions were identifiod by the 
criteria of tau phosphorylation and effect on microtubule binding, 

[0132] The first step was ion exchange chn )matography on Mono Q (Fig. 38a), yielding 3 main peaks of kinase 
activity. The fractk^ns with the largest effect on nicrolubule binding were further subjected to gel chromatography (Fig. 
38b). The main active fraction eluted at an Mr around 35 kOal. This was followed by another ion exchange run. The 
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for 
I that 



protein did not bind to Mono S, suggesting an 
stained gels of tract' on 9 showed a 35 kDal bar^d 
lane 5). CXher tmciions had an additional band 
[0133] To dGlermine directly which ot the 
following the method of Geahlen et al.. Anal, 
orized into the gal matrix, the Mono 0 fracron|s 
proteins were ranatured in situ, incubaled vvjth 
shows that the 35 kDaJ and 41 kDaJ bands 
[01 34] Quantification of th e aniount of phospHaii 
results: 3.2 Pj tor htau34. 3.4 tor htau4Q. 3 3 
mutant API 7 incorporated 3.0 P^, indicaiing 
3-repeat construct K18 containad 1.4 P-. 
[0135] Tau phosphorylatBd tiy the kinase is 
tau gel shifts and kinases. The shift by the 35 
larger than that of Cal^ kinase (lane 9) but 
Alzheimer-like immune response. The mutant 
lants are (e.g. at Ser4l6, lanes 5« 6. or at 
ylation by the 35 kDal kinase generates the shift 
SBr409. Since phosphorylation silos within the 
the shift sites (mostly in the C-ienninal tail) are 
[0136] The ettoci of the purified kinase of the 
For example, the stolchiomclry ot htau23 is 
mutant Ser262-Ala, again emphasizing the 
[0137] A diagram of hlau40, highlighting the 
microtubule-btnding is depleted in Fig. 41 
[0136] A simitar efTect on the birxling of tau tc > 
kinase (see Rg. 45). This kinase incorporates 
293. 324, 355. It is prepared by the following stAps; 
rngtography on Q-Sepharosa. (c) Chromalogra 3hy 
NaCl (d) Chromatography on heparin agarose, 
elutes at 70 kOa). (f) Chrc?ma1ography on Monc 



cicidic pi, but it eluted as one major peak on Mono Q (Fig. SBc). Silver 
with >95% purity, and minor (<5%) bands around 41 kDal (Fig. 38d. 
ai ?=45 kDaI» but this had no kinase activity (see tjeiow). 

in the gel were capable of phosphoryiatlng tau an in-^el assay 
Bjoichera J53 (1936). 151-158 was perfomiad Tau protein was polym- 
were separated on the gel by SDS electraphorHsis. the the bound 
radioactive ATP and assayed tor activity by autoradiography Fig. 39 
kinase activity, but nol the 45 kDal band, 
e incorporated into tau constructs by the kinase yielded the foitowing 
htau23, but only ZB for the mutant Wau23(Ser262+Ala). The lota! 
Ser-Pm or Thr-Pro motifs wore not targets of tho kinase, end the 



tSer4}4, 



stjifted upwQfd in the SDS gel. Fig. 40a shows a comparison of differBnt 
kinase is of medium magnitude (lane 2). like ih^i of PKA (lane 10), 
diilinctly smaller than that of MAP kinase (lane 11) whfch induces the 
S er409-Ala (lanes 3.4) is not shifted by phosphorylation, but other mu- 
lanes 7,8), incficating lhat Ser409 is the residue whose phosphor- 
This same shift is found with PKA (lane 1 0} which also phosphoTylates 
epeat region generally do not produce a sh^ thec^a data CQnfinn that 
distinct from the sites controlling microtubule binding (e.g. $er262). 
jinding of tau (Fig. 40b) is similar to that of the brain extract (Rg. 37b). 
reduced by D^ = 0.28 upon phosphorylation, but only by 0.05 in the point 
imp srtance of Ser2e2. 

firet mfcroiubule-binding repeat and the Sbt252 that is important for 



mfcrotubules is obsen/ed when tau is phosphorylated by the 70 kOal 
about 3-4 PI into ths repeal regton of tau, specif k^Ity at serines 2fi2, 
: (a) Preparation of high spin supsmalant of brain gxtracL (h) Chro» 
of flowthrough on S-Sepharose. Kinase activity ©lutas at 250 mM 
Kinase activity elutes at 250 mfwl NaCI. (e) Get fiitratioTi. Kinase activity 
Q. Kinase activity eluies at 150 mM NaCL 



Example 12 Dephosphorylation of tau protein t y phosphatases PP2a and PPl 

[0139] hiau 40 was phosphorylated with poniine MAP kinase (p42) and ^P-AJP according to methods described 
throughout this specifteaikw. Subsequently, ht<tu40 was dephosphorylated with several isoforms of PP2a (Fig. 42 A 
to C) as PPl (Fig. 42D). The results show that ht au40 is dephosphoryiated by all isoforms of PP2a, and, although much 
sfower, by PP1 Rg, 43 shows that upon dephc sphoryiatkm the antlboc^-epecific epitopes disappear as wen. in Fig. 

h e Micheelis-Menten'kinetics are shown. 
Thus. PP2a and PPl serve as antagonist to W P-kinases end may therefore be used in pharmaceutical compositions 
forthe treatment of Alzheimer disease. 

TABLE 1: 



Interacttons of tau constructs with antibodies 
on immunobtats ranges from very weak (x) to 



construct 
htau40 

htau23 

K3M 

K2 

K17 



phosph. 4/- 



thc phosphorylated or unphoephorylated state (4- or -). The staining 
very strong (xxx). 



SMI33 
xxx 

xxx 



xxx 



SMI31 



xxx 



xxx 



Cx) 



xxx 



SM134 



xxx 



xxx 
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TABLE ir . (ctantinued) 



Interactions o\ tau conBtructs witti antftjodies ii 
on immunobfois ranges Trom very weak (xj to 



consiruci 



K10 
K19 

htau4Q/A23S 

htau40/Aa95 

htau40/A235/A396 

hiau23/A404 

htau23/A396/A404 

K4 

K5 

K6 

K7 

Kia 

K14 

K15 



phosph. -^Z- 



the phosphory laied or unphosphorybted slate {+ or The Giaining 
very strong (xxx). 



SM1$3 



(X) 
XXX 

w 

XXX 
XXX 
XXX 
XXX 
XXX 
XXX 
XXX 
XXX 
XXX 



SM131 



XXX 



XXX 



XX 



XX 



XX 



XX 



Summary of fen jlhs d various tau constructs. 



construct 



TflR-1 
T8R-2 
T7R-2 
K11 

K11 dimor 
K12 

IC12dimer 
Kl2P0Mdimei 
Kl2MBSdfmBr 



TABLE 2: 



6Z0'd 



length (nm) 



35 
58 
51 
CO 
26 
32 
25 
30 
29 
34 



s.d (nm) 

7 
15 
17 
16 

5 

6 

4 

4 



number 



232 
304 
75 
73 
32 
24 

zr 

25 
79 

as 
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Claims 

1 . A pha rmacoulical composmon for use in \h 9 treatment or prevenlion of Alrheimer's disease connprising an 'mhibftor 
of the formation of Alzhetmef paired helici \\ filamonts from lau protein dimers, 

2. An in vitro method tor leeling drugs eflecl iv^-fn dissotvin^.Alzheimer paired helical filaments compftsing the fol- 
lowing steps: f J 

(a) allowing the formation ot Alzheinit r^fe^ffSf^T niaments from pofypopildes comprising tau derived se- 
quences under appropriate condition^ ; 

(b) incubating the Alzheimer paired huiical niaments wrih the drug to bo tested; and 

(c) e^tamqning the result of the incubati ^n of step (b) with respect to the dissolution of the AtzhetmerHike paired 
helical filaments. 



IS 3. 



I) 



20> 



^ ■ 



I 



39 



3S 



The method according 10 claim 2. wnargin the conditions ot step (a) comprise an envlronnnent of Q.3to 0.5 M Tris- 
HCI and pH 5.0 to 5.5 without addillonal e iRs. 

An In vitro method for testing dfugs eUecl ve in the prevenlion or reductksn of the formation off Alzheimer paired 
helical filaments comprising the following ; ilcps: 

(a) incubating the drug to be Tested \irilh polypeptides comprishg tau^dbijyBd-seciUBiic^ conditions 
which allow the foimalion o* Alzheimer paired ^1^^^^ in the absence of said drug; and 

(b) oxamining lhi"fGsuii Slhe incubation of step (a) with respect to the presence or absence of Alzheimer 
paired helical filaments in the iracubatipn mixture. 

5. The method according to any one ol clairjis 2 to 4, whfrefli 6aW.R^^^ 
fiDm the C-lerminai part of the protein or)t\- 



6. The method a^ording to any one of claims 2 to 5, wherein said polypeptides are K 11 and/or K12. 

7. A method for testing dru^ effective \n^\BOt ^Iwg Abhcimcr paired helical filaments comprising ihefolbwing steps; 

(a) introducing a functional gone eric^^hg a MAP kinase under the control of suitable reguialory regions into 
a cctll expressing or overexpressing ta j protein; 

(b) allowing the formation of phosphof plated tau protein and of Alzheimer pairod hclicel filaments; 

(c) isolating said Alzheimer paired hftl cal fitaments; 

(d) applying the dmg to be tested to si lid paired helical filaments under appn^priate conditions, and 
te) examining the effect of said drug o 1 said paired helical filamems. 

40 8. The method according to claim 7, wherein said cell expressing tau protein is a neuroblastoma, chromocytoma or 
primary nanre eel). 



45 W 



A method for thg preparation of a pharTnac< luttcal composition for use in {he ireatment or prevention ol Alzheimer's 
disease which comprises combining an inhiibitor of the formation of Alzheimer parrod helical filaments from lau 
prdteb with a pharmaceuiicaliy acceptabte carrier. 



ss 



(a) Efmoglichung der Bildung von Alzh 
abgoleilete Sequertzen umfaasen, unt 



Patentenspruche 

so 1 . Arzncimittel zur Verwendung bsi der Bohan :ilung oder Rravention der Alzheimerschen Krankheil, umlassend einen 
Inhibitor der Bildung von Alzheimerschen <)epaarten hyjicaien Filamenten aus lau-Proteind'meren. 

2. In vitro-Verfahren zum Testen von Arzneisu itfen, die wirlcsam sind in dor Auftesung von Alzheimerschen gepaarten 
helicalen Fitamencen. umfassend die folgeiden Schrrtte: 



simerschen gepaarten hglicalen Filainenlen aus Polypeptidsn. die tau- 
If goeignelcn Bedtngungon; 



(b) Inkubieren der Alzheimerschein gei )aarten helicalen Filamenle mit dem zu testenden Arzneistofl; und 
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(c) Uniersuchen des ErgebnissQS der i nicubation von Schrttt (b) im HlnbRclc auf cfie Auflo&ung der Alzheimer- 
ahnfichen gepaartftn hclicalen Filamerhe. 

3. V9rtahren nach Anspruch 2. wobei die Bedingungen das Schrdtes (a) ein Milieu von 0,3 bis 0.5 M Tris-HGi und 
pH 5.0 bis 5,5, ohne zusatzlbha Salze. unrlfassan. 



4. In vitro- Verfahren zm Teston von Arzneisi 
von Alzheimerschen gapaanen heOcalen 



offon, die wirksam sind in der Pravantion odar Hadulction der Bildung 
F ilamenien, das Idgande Schritta umfaSi: 



(a) Inkubieran dss zu tostonden Afzntjistoltos 
untar Bedingungdn, did die Bildung vcup 
Arznetfiioffs eriauben; und 

(b) Untarsuchen des Ergebnissec der 
sanhert von AlzhBirnonschon gopaarteii 



mil Po^ypeptiden. die tau-abgelQitaie Soquenzen umtassen, 
Afehsimsrschen gepaarten helcalen Filamenten In Abv/Bsenheri des 

nKubatlon von Schritt (a) im H'mbRck auf die Anwesenheit odar Abwe- 
helicalon Filamenten in dam Inkubatibnsgamisch. 



5- Verfahf cn nach eincm der Anspruche 2 bis 
C-terminalen Endes das Proteins umtas&eh 



4. woboi die Polypeptide im wesenilichon nur die Wioderholungen des 



6. Verfahren nach etnam dor Ansprflcha 2 bis 



7. Vortahren zum TosTen von Artneistoflen, d 
calan Ftlamanten, das dia fotgendan Schfit^e 



(a) C'mfOhran buiss lunktionfllfin Gen; 
codten. in eine Zelia, die tau- Protein 

(b) ErmogllChimg d©r Bildung von 
Filamenten; 

(c) Isolieren der /^zhaimerschen gepaiirten 

(d) Anwanden dos /u lestendan Arzn4isnotr5 
dingungcn; und 

(a) Untsrsuchen der Wirkung des Arzrilaisiolls 



unter der Konirdre eines Regulatorberaichs. das atne MAP-K'na&e 
eiprimierl odar DbarexprimiBn; 
pho9:>horyfiartemtau-Protein und von AlzhaNmerschan gepaaneri helicalen 



Verf ahren nacn An^ruch 7, wobel die Zetlf 
primara Nervanzelle ist 



Vsrfahren zur Herstellung eines 
mer^chen Krankheit, umfacccnd das 
helicalan Fdamonten aus tau-Prolain mH 



Revendlcatlons 

1. Composition pharmaceuiique i/iilisHble dar 
un inhibiteur de la formation de filaments 



(a) la formal Ion de Tilamonts 
quences d^nvdes rla tau sous des 

(b) rincubation des filamenis h6licoTda 

(c) rexaman du rasuitat da Hncubaiion 
appari^s du type Alzheirnar. 



Proc6d6 survant la revandicalion 2, dans 
Tris-HCI 0.3 h 0.5 M at un pH de 5,0 & 5,5 



5, wobai dia Pofypsplida Kit Und/odar K12 sindL 



e wirksam sind In dar Autlosung von Atzheimerschen gepaanen hell- 
umfaBt: 



holicalan Rlamanta; 
an dsn gspaartsn htalicalen Filamenten unHer geeignatan Be- 



auf die gepaarlan heKcalan Filarnente. 
die tau-Protein exprimi^rt. eine Neurcblasiom'. Chromocytom- Oder 



Arzneimitteis zur Verwendung bei der Behandlung Oder Pravention der Alzhei- 
Korr t^inioren eines Inhibitors der Bildung von Alzheimerschen gepaarten 
eyiam pharmazeutisch vertragBchan Trager. 



s le Irailamenl ou la prfeveniion de la malad'ie d" Alzheimer comprenant 
h&licoldaux apparids d' Alzheimer de dhn^res de protfiines tau. 



Proc6d6 In vilro pour taster des mddicamsms efficaces dans la dissoiLition da flJamenls h^iicoTdaux apparids 
d* Alzheimer compreriant las dlapes sulvan es : 



h6|]c;oidaLw appdri6s d'Alzhoimer S partir de polypeptides comprenani des s6- 
con rfitions approprlees; 

ix apparies d'Alzhsimor avoc le medicament ^ tester; ot 
de I'diapa (b) par rapport h ta dissdution des filamants heficoldaux 



li jquel los cunditions da P^lapa (a) comprennent un onvironnamont de 
^ns seis additionnsls. 



4. Prac(id6 in vitro pour tester des m6dicam ?nts efficaces dans la pr6ventk?n ou la rfiduciion de la formation de 
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filaments heii'coTdaux appariSs cTAlzh^trnG r comprenant lee 6tapes suhranteG : 



(a) r'mcubaTion du mgcUcamenl h testfer 
50U5 des condilions qui permettent la 
dudit medicament; et 

(b) fexamen du resuttat ds rincubalhbi 
h^Scoldaux appari^s d'AIzbetmer dan ^ 



5. Procddd suivanl I'une quelconque dos 
10 tiallemeni les unH^ sTructurales de ta 



rcvc ndicatfons I 



parlta 



2^4. dans Icquc} Icsdits polypeptides compfennora es^en- 
ta C-t»rmindts uniqusiTti^irn de ta prot4ind. 



6. Precede suivanl I'une quelconque das revindications 2 a 5, dans Isqu^} les polypeptides sont te K11 ei/ou le K1 2. 

efUctaces dans la dissolution de filamonts hdficoTdaux apparids d'Alzheimer 



75 



50. 



7. PfDc^ pour taster des mddicameniB c 
comprenanl les Stapes suivantes : 



(a) nntnoduction d'un gene fonctiome 
appropriees dans une cetluJe exprimajit 

(b) la formation de prot^ina tau phosp ioryl6o 

(c) I'tsolement descfits filgments h^fico idaux 
(d} rapplication du medicament k toslpr 
proprieas, el 

(e) Texamen de Teffet du m6dtcamcnt 



B. Pfoc6dd suivant ia revendlcation 7, dans 
neuroblastoma, de chromocytome ou 



rtome ou nerv suse 



pr6cile suf CCS filamentG h6){coidaux appari^s. 

1 3que] la cellule precitee exprunant une prol6ind tau est une cellule de 
prvnaira. 



9. Proc6d6 pour la prdparaiion d'une 
la maiadlB cf Alzheimer, qui comprenU la 
30 p&n^ d'Atzheimor de proteine tau avgc 



avec des pofypoptides comprenant des sAquancos darivefis do tau 
tormation de filaments h^licoTdaux appaiiSs d" Alzheimer en rabsencs 

da rdtape (a) par rapport a ta presence ou Tabsence de filaments 
le mdlange tfincubation. 



codant pour una MAP kinase sous le contmle de regions regulatnces 
ou surexprvnant una prot^tne tau; 

ei de filaments heiicotdaux appari^s d'Alzheimer; 
apparies d'Alzheimer; 
aux filamonts hSI'tcoTdeux appan^s susdits sous des conditions ap- 



compo^iibn phannaceuTique utillsable dans le traiiement ou la prevention de 
a mt^inatson d'un inhjbtieur de la lormation de flEaments h£]icoldaux ap- 
ur> support pHarmaceutlquement acceptable. 
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